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Abstract 
Following dam removal on the Elwha River, WA, the ability of plants to access and uptake 
nutrients may be an important factor in ecosystem recovery. Foliage was collected in 
November 2014 from naturally-established black cottonwood (Populus trichocarpa) saplings 
growing in the dewatered Lake Aldwell reservoir sediments and adjacent forest. Analysis of 
variance was used to assess variability among reservoir sediment textures and the adjacent 
forest with respect to foliar macronutrient (N, P, K, Ca, Mg) and micronutrient (Fe, Mn, Zn, 
Cu, Ni) concentrations. Within the reservoir, foliar P, K, and Mn were higher, and foliar Ca 
was lower, in the fine sediments than in the coarse sediments. All reservoir environments had 
lower foliar Mg and Zn and higher foliar Mn than the adjacent forest. Correlation analyses 
indicated many significant correlations between nutrient pairs. Several positive nutrient 
correlations with N may indicate that N is stimulating protein synthesis, and several negative 
correlations between nutrient pairs may indicate that cations are competing for plant uptake. 
Considering seasonal nutrient fluctuation and senescence-induced nutrient resorption, foliar 
nutrient values measured in Lake Aldwell cottonwood were generally consistent with those 
reported in the literature from other populations of non-fertilized Populus. Exceptions were 
values for foliar Ca, Fe, and Cu, which were comparatively low. The majority of resorption-
adjusted growing-season estimates for Lake Aldwell foliar macronutrients were within 
ranges reported as optimal in fertilized Populus, with the exception of high estimates for Mg 
in the adjacent forest and for N at all sites. Presently, black cottonwood productivity at Lake 
Aldwell does not seem to be constrained by nutrient limitation, but nutrient availability will 
be critical in determining species-compositional changes at dewatered Lake Aldwell and 
successional trajectories in other dewatered environments following dam removal.  
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1.0 Introduction 
1.1 Nutrient Limitation in Primary Successional Environments 
 Macronutrient limitation constrains ecosystem productivity in many different 
terrestrial environments (Vitousek and Howarth 1991, Kimmins 1997). Micronutrient supply 
(Silvester 1989, Barron et al. 2009), as well as interactions between macronutrients and 
micronutrients (Wurzburger et al. 2012, Jean et al. 2013), limit productivity in some 
ecosystems. In primary successional environments, nutrient availability constrains ecosystem 
productivity (Vitousek 1999, Walker and del Moral 2009) and determines species 
composition (Clein and Schimel 1995, Cusick 2001) and successional trajectories (Walker 
and del Moral 2009). 
 Primary successional environments arise from natural events such as floods, volcanic 
eruptions, deglaciations, and fires, and anthropogenic exploits such as mining and 
deforestation. Following severe disturbances, ecosystems develop in biological complexity, 
beginning with plant and animal colonization of barren substrates that have little or no 
surviving biological legacy. Anthropogenic disturbances often exacerbate the effects of 
natural disturbances; with the increasingly broad-reaching and extensive environmental 
impacts of human activities, the line between anthropogenic and natural disturbances is often 
blurred (Walker and del Moral 2003). 
 As a result of ecosystem disturbances forming new surfaces, primary successional 
environments are often initially quite infertile and therefore inhospitable to plant growth 
(Walker and del Moral 2003). Substrate organic matter content, and availability of associated 
nutrients N and P, are generally low (Pare et al. 1993, Huang et al. 2013, Zhang et al. 2015), 
and the accumulation of these nutrients determines the rate of plant recolonization. 
2 
 
 
 Biological N2 fixation, generally the principal source of N in such environments, is 
often limited by low levels of organic P and soil moisture (Walker and del Moral 2009). 
Weathering of primary minerals in the substrate releases P to the soil solution (Ippolito et al. 
2010). Mineral weathering is generally greatest in the earliest stages of soil formation (Egli et 
al. 2001); whether P and nutrient cations are made available through weathering depends 
highly on soil properties such as surface area and specific mineralogical composition 
(Augustin et al. 2015). Because steep nutrient gradients often exist in primary successional 
substrates (Walker and del Moral 2009), spatial variations in nutrient availability may be 
dictated by small-scale, site-specific substrate characteristics. 
1.2 Ecological Setting: The Dewatered Lake Aldwell Reservoir 
 Newly-dewatered reservoir sediments resulting from the removal of human-made 
dams are an environment where exposed surfaces may be inhospitable to natural 
revegetation. If woody plant establishment is inhibited by soil infertility, the accumulation of 
biomass is hindered and the process of soil formation slowed (Walker and del Moral 2003). 
Studying nutrient availability and nutrient limitation in dewatered reservoirs facilitates 
greater understanding of ecosystem development following dam removal. 
 The recent removal of two large, long-standing dams on Washington State’s Elwha 
River has exposed expansive regions of previously inundated reservoir sediments. Located 
on the northern coast of the Olympic Peninsula, the Elwha River drains an 833 km
2
 basin, the 
majority of which is in Olympic National Park (Duda et al. 2008). The Lake Aldwell 
reservoir was created in 1913 with the completion of the 33-m-tall Elwha Dam, located 8 km 
south of the river’s mouth (Duda et al. 2008). Over the following century this reservoir 
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became the depository for an estimated 4,900,000 m
3
 of sediment from the Elwha River as it 
slowed to a stop behind the dam (Warrick et al. 2015). In 1992 the U.S. Congress passed the 
Elwha River Ecosystem and Fisheries Restoration Act, authorizing full restoration of the 
Elwha River to its previous free-flowing conditions through dam removal and subsequent 
habitat restoration (Chenoweth et al. 2011). The Act also called for removal of the 64-m-tall 
Glines Canyon Dam, located on the Lake Mills reservoir 14 km upriver from Lake Aldwell 
(Duda et al. 2008). 
 The Elwha Ecosystem Restoration Project began in 2011, and the 2011-2012 removal 
of the Elwha Dam and concurrent drainage of the Lake Aldwell reservoir left behind a 1.5 
km
2
 plain of lake-bottom sediment. Since complete removal of the Elwha Dam in 2012 and 
the Glines Canyon Dam in 2014, an essential component of ecosystem restoration in both 
dewatered reservoirs has been the reestablishment of riparian vegetation in order to support 
the return of anadromous fish stocks and other communities of native fauna. Revegetation of 
exposed areas has also been critically important in reducing erosion and sedimentation into 
the river and in minimizing the establishment of invasive exotic plants that could out-
compete native species (Chenoweth et al. 2011). 
1.3 Nutrients in the Elwha River Ecosystem 
 With low levels of nutrients, low moisture-retention capabilities, and spatial 
separation from intact forests, the dewatered reservoir sediments on the Elwha River were 
predicted to be relatively inhospitable environments for primary succession to occur. Prior to 
dam removal, submerged fine sediments in Lake Aldwell were low in K, Ca, and B relative 
to typical Olympic National Forest soils in the area, and those in Lake Mills were low in N, 
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P, and K (Chenoweth et al. 2011). At Lake Mills, concentrations of C, N, and P were higher 
in fine than in coarse sediments (Cavaliere and Homann 2012). 
 The dewatered reservoirs contain terraces with distinctly different sediment textures 
(Randle et al. 2015). In the prodelta regions of the reservoirs, erosion and deposition during 
reservoir drawdown resulted in a layer of fine sediments deposited atop pre-existing coarse 
sediments (Warrick et al. 2015). Fine sediments contain more moisture than coarse sediments 
and have more surface area that can be weathered to release nutrients to the soil solution 
where they are accessible to plants (Brady and Weil 2009, Jones 2012). With varying 
moisture and nutrient profiles, different sediment textures within the reservoirs constitute 
distinct microenvironments for plant development. At dewatered Lake Aldwell, black 
cottonwood (Populus trichocarpa) and Scouler’s willow (Salix scouleriana) have colonized 
and become established in several sediment textural microenvironments. Differences 
between these microenvironments with respect to water and nutrient availability may have 
important implications for plant succession. 
1.4 Study Objectives, Research Questions, and Hypotheses 
 The ability of plants to access and uptake nutrients may be an important factor in 
Elwha River ecosystem recovery. The objective of this study is to increase the understanding 
of plant nutrients in the dewatered Lake Aldwell reservoir by evaluating naturally-established 
black cottonwood saplings. The study addresses the following research questions and 
hypotheses: 
1) Do foliar nutrient concentrations vary among Lake Aldwell reservoir 
microenvironments? 
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Hypothesis: There will be variation among microenvironments due to 
differences in sediment texture. Specifically, there will be an inverse 
relationship between foliar nutrient levels and substrate grain size. Because 
the prodelta microenvironment is effectively a mixture of sediment textures, 
prodelta foliar nutrient concentrations will be intermediate between those 
measured in fine and coarse reservoir sediments. 
2) To what extent are foliar nutrient concentrations correlated with physical and 
biological environmental variables, in particular sediment moisture content and stem 
density of woody plants? 
Hypothesis: There will be positive correlations with sediment moisture 
content because nutrient retention and moisture retention are influenced by the 
same physical and chemical controls. There will be negative correlations with 
stem density due to competition between plants. 
3) To what extent are foliar nutrient concentrations correlated with one another? 
Hypothesis: There will be positive correlations between nutrients that 
participate in similar functions in plants, because plants require nutrients in 
specified ratios and nutrient uptake is a regulated process. 
4) How do the foliar nutrient concentrations in this study compare with those measured 
in other populations of non-fertilized genus Populus species? 
Hypothesis: There will be substantial variation between values from this study 
and values from the literature because nutrient concentrations are influenced 
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by numerous environmental controls. In general, however, nutrient values 
from this study will be lower than those in stands on other types of substrates, 
where nutrient availability is higher. 
5) How do the foliar nutrient concentrations in this study compare with concentrations 
optimal for biomass production in fertilized genus Populus species? 
Hypothesis: Many values from this study will be lower than those reported as 
optimal in fertilized populations of Populus due to nutrient limitation. 
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2.0 Background 
2.1 Plant Nutrition 
2.1.1 The Importance of Plant Nutrition 
 Plant nutrition is the study of the functions of essential mineral elements, referred to 
as nutrients, in the physiology and biochemistry of plants. This includes exploration of the 
mechanisms through which plants acquire nutrients from the environment, as well as the 
plant-tissue distributions and metabolic functions of these nutrients (Epstein 1972, Marschner 
1986). 
 Plant nutrition is important because of the ways in which nutrients influence plant 
growth, development, and reproduction. Nutrient limitation, which occurs in plants with 
insufficient nutrient supply, has measurable implications for plant productivity in both the 
agricultural (Marschner 1986) and ecological (Vitousek 1999, Barron et al. 2009, Jean et al. 
2013) realms. Nutrient deficiencies are important to detect not only because they can result in 
stunted plant growth but because they can make plants more susceptible to disease and pest 
infestation, putting them at a reproductive disadvantage (Garten 1978). 
 To support metabolic processes and synthesis of tissue, plants require nutrients in pre-
determined ratios (Knecht and Goransson 2004, Ranade-Malvi 2011, Liu et al. 2014). 
Relationships between nutrient concentrations within plant tissue affect measurable plant 
characteristics such as sap sweetness (Wild and Yanai 2015) and biomass productivity 
(Leech and Kim 1981, Richards et al. 2010), which influence a plant’s commercial value. 
Inter-nutrient relationships within plant tissue may be especially important in determining a 
plant’s reproductive success (Ranade-Malvi 2011) and may even provide an indication of 
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overall ecosystem function (Wan et al. 2009). Woody plants with imbalanced nutrient ratios 
may be more susceptible to parasitic attacks (Flückiger and Braun 2003, Ranade-Malvi 
2011), and plants whose nutrient ratios fall outside of specific ranges may exhibit symptoms 
of nutritional disorders (Teng and Timmer 1993). 
2.1.2 The Essential Mineral Elements 
 In addition to C, O, and H, which account for as much as 95% of plant dry matter 
(Marschner 1995), 14 mineral elements have been determined to be essential for vascular 
plants to complete their lifecycles (Marschner 2012). It is informative to classify the plant 
nutrients into subgroups. Several nutrient classification criteria are discussed here, as they are 
informative for understanding the importance of plant nutrient studies. Common criteria that 
are considered when classifying plant nutrients into subgroups are plant-tissue 
concentrations, biochemical functions, and mobility within plants. 
2.1.3 Nutrient Concentrations in Plant Tissue 
 The simplest way to order and classify plant nutrients is by the relative average levels 
at which they are found in the tissue of healthy, productive plants. Macronutrient 
concentrations are generally on the order of tens to thousands of times higher than 
micronutrient concentrations. Nitrogen, P, K, Ca, Mg, and S are macronutrients and Cl, B, 
Fe, Mn, Zn, Cu, Ni, and Mo are micronutrients. Nutrient concentrations vary widely between 
plant species (Hagen-Thorn et al. 2004b) and between different types of plant tissue (Langille 
and Maclean 1976, Shelton et al. 1981, Hagen-Thorn and Stjernquist 2005), and depending 
on plant age (Francis and Baker 1981), season (Tew 1970, Verry and Timmons 1977), and 
concentrations of other nutrients present (Coleman et al. 2006, Marschner 2012). Plant-tissue 
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nutrient concentrations are constrained relatively tightly by physiological plant processes that 
regulate nutrient uptake (Larcher 1975, Marschner 2012). Even if given access to the same 
nutrient resources, however, plant species may uptake nutrients in different quantities, which 
results in relatively wide variation in the concentrations of given nutrients even between 
closely related species (Garten 1978). 
 Patterns in nutrient variability at the species level may be explained by environmental 
variables. In a study in which foliar nutrient data was compiled from over 700 terrestrial 
plant species from across China, Zhang et al. (2012) classified nutrients based on patterns in 
their concentrations related to plant taxonomic group and related to the environmental 
variables precipitation, climate, and latitude. Foliar N, P, K, and Fe were correlated with 
precipitation, and these nutrients, as well as Mn and Ca, also seemed to be strongly 
associated with latitude (Zhang et al. 2012).  
 The majority of forest nutrient studies have focused on the macronutrients, possibly 
because in trees growing under normal conditions in temperate forest ecosystems, primary 
production is generally limited by N and P (Vitousek and Howarth 1991, Kimmins 1997, 
Seaman et al. 2015), and micronutrient deficiencies are not very common in forests (Fisher et 
al. 2000). Nevertheless, the importance of micronutrients in forest ecosystems has been 
recognized and studied in many terrestrial environments (Stone 1990), including temperate 
forests (Silvester 1989, Hagen-Thorn and Stjernquist 2005, Jean et al. 2013) and tropical 
forests (Drechsel and Zech 1991, Barron et al. 2009, Wurzburger et al. 2012). The essential 
micronutrients are all commonly deficient in United States crops (Berger 1962) and much of 
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what is known about their functions in plants is a result of agricultural research (Marschner 
1986). 
2.1.4 Functions of Nutrients in Plants 
 Macronutrients and micronutrients mainly serve different functions in plants, 
although in some cases there is overlap between the two groups. The macronutrients can be 
classified generally as structural elements, which are incorporated into organic compounds 
(N, P, and S) or cell walls (Ca), and as osmotica, which regulate osmotic processes (K, Ca, 
and Mg). Both N and S are involved in protein synthesis and become incorporated into amino 
acids which participate in enzymatic processes within the plant. Phosphorus, in addition to 
serving these functions, is involved in energy transfer reactions in the plant cell (Jones 2012). 
Sulfur, as a structural component of organic compounds, is involved in protein synthesis and 
metabolic reactions (Marschner 1986). 
 Of the osmotica, K is required for maintaining proper plant hydration and for storage 
and subsequent translocation of carbohydrates within plant tissue (Jones 2012). Present 
primarily in plant leaves and bark, Ca is an important structural component of cell walls 
(Larcher 1995) and also regulates cell membrane permeability, serves in the activation of 
several enzymes, and plays a role in carbohydrate translocation (Jones 2012). Magnesium, a 
component of chlorophyll, is found mainly in plant leaves and plays an important role in 
photosynthesis (Larcher 1995) and is involved in protein synthesis and other enzymatic 
processes as well (Jones 2012). 
 The micronutrients are present primarily as part of enzyme molecules, facilitating 
electron transport and enabling protein synthesis and a vast array of other cellular processes 
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and chemical reactions to occur. Specifically, Cl, Cu, Mn, Fe, and Zn are important for 
photosynthetic processes, and Mo functions as a cofactor to the nitrogenase and nitrate 
reductase enzymes which catalyze plant assimilation of N (Jones 2012). In addition to being 
involved in photosynthesis, Cl is an osmoticum, increasing plant-tissue hydration and raising 
osmotic pressure within the plant cell (Jones 2012). Carbohydrate metabolism involves Cu 
and B, and B and Fe are crucial for cellular respiration. Nickel, which is essential for some, 
but not all, plants, is a component of the urease enzyme (Jones 2012). 
 Nutrients generally serve similar roles across plant species. Because of this, several 
studies have suggested a physiological basis for species-level correlation patterns between 
nutrients. Garten (1978) analyzed patterns that emerged from inter-nutrient relationships in 
data compiled from over 100 species of both terrestrial and aquatic plants. Nutrients were 
well categorized into distinct sets which seemed to be related to their physiological functions 
in plants. Nutrients involved in protein synthesis (N, P, S, Fe, and Cu) formed one set, those 
that serve structural roles in the plant cell (Ca, Mg, and Mn) formed another set, and those 
important in the activation of enzymes (K, Mg, and Mn) formed a third. The remaining 
nutrient considered, Zn, was grouped by itself into a fourth set, possibly related to plant 
growth (Garten 1978). In a similar study of plant species across China, nutrients were 
generally grouped together into the same sets (Zhang et al. 2012). 
2.1.5 Nutrient Mobility and Translocation within Plants 
 The nutrient elements exist in the soil mainly in bound forms, complexed by insoluble 
organic compounds, organic detritus, and humus, or structurally incorporated into minerals 
and organic compounds themselves (Larcher 1975). A small portion of soil nutrients exist as 
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dissolved ions in the soil solution, and it is this fraction that plants access (Jones 2012, 
Maathuis 2013). The ability to transport these ions against concentration gradients enables 
plants to accumulate nutrients from relatively dilute soil solutions (Larcher 1975). 
 Plants tend to uptake cations preferentially over anions, and rates of plant nutrient 
uptake from the soil solution tend to be highly regulated (Larcher 1975, Reuter et al. 1997). 
Nutrient uptake depends on many complex factors including the physical and chemical 
properties of the element of interest and of the growth substrate (Jones 2012, Marschner 
2012, Maathuis 2013), plant-tissue concentrations of both the element of interest and other 
ionic species, and mechanisms of ionic transport within the plant (Larcher 1975, Marschner 
2012). 
 The rate-limiting step of nutrient uptake is the conduction of ions from the soil 
solution through the root symplasts (Larcher 1975). Once within the plant, nutrients are 
transported with varying degrees of ease to the parts of the plant where they are most needed 
at any given stage in development. Specifically, nutrients are transported toward the leaf 
through the xylem and away from the leaf through the phloem (Larcher 1975). 
 Nutrient concentrations are generally highest in the most metabolically active tissue. 
This is usually the plant leaf, which has a high proportion of living cells (Shelton et al. 1981). 
In a given type of plant tissue, nutrient concentrations vary seasonally (Verry and Timmons 
1977), with plant age (Francis and Baker 1981, Shelton et al. 1981, Martín-García et al. 
2012), and with plant-growth stage (Jones 2012). Redistribution of nutrients within plant 
tissue over time, also referred to as nutrient translocation, is a highly-regulated process 
(Reuter et al. 1997). 
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 Nutrient mobility refers to the relative ease with which nutrients are transported 
within the plant (Reuter et al. 1997). Based on temporal measurements of changes in plant-
tissue nutrient concentrations, the nutrients have been classified into groups according to this 
criterion. One general classification categorizes elements as “very mobile” (N, P, K, and 
Mg), “slightly mobile” (S), “immobile” (Fe, Zn, Cu, and Mo), and “very immobile” (B and 
Ca) (Jones 2012). Nutrients are also commonly classified by their mobility within the phloem 
specifically, that is, away from the leaf. In one such classification scheme, nutrients are 
categorized as “mobile” (N, P, K, Mg, S, and Cl), “intermediate” (Fe, Zn, Cu, B, and Mo), or 
“immobile” (Ca and Mn) (Marschner 2012), and in another as “phloem-mobile” (N, K, Mg, 
and Cu) or “phloem-immobile” (Ca, Fe, Mn, and Zn) (McLennan 1990). Another 
classification describes nutrients as “phloem-mobile” (N, P, and K), “phloem-immobile” (Ca, 
Fe, and Mn), and “variably phloem-mobile” (S, Zn, and Cu), and whether or not B and Mg 
are phloem-mobile is determined entirely by environmental conditions (Reuter et al. 1997). 
 Although these classification systems group the nutrients slightly differently, the 
general trend in within-plant nutrient mobility is that the macronutrients are more mobile 
than the micronutrients (Marschner 2012). Specifically, N, P, and S in organic form, as well 
as K, are generally mobile, while the micronutrients are less so. A major exception is Ca, 
which tends not to be translocated once incorporated into the plant cell wall (Larcher 1975, 
Reuter et al. 1997). 
 Differences in translocation mobility can be manifested in the distributional patterns 
of nutrients within trees. In an investigation of foliar nutrient variability within a specific 
population of black cottonwood, McClennan (1990) classified nutrients based on their foliar 
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concentrations in various positions in the canopy. Three sets of nutrients emerged: phloem-
mobile elements (N, P, K, S, and Cu) were most concentrated in upper-canopy foliage, 
elements that tend not to be translocated (Ca, Mn, and to some extent Zn) were highest in 
lower-canopy foliage, and Fe had a unique foliar distribution pattern and was grouped by 
itself. 
2.1.6 Leaf Growth, Senescence, and Nutrient Resorption 
 During the growing season, nutrients are transported into young, unfolding plant 
leaves, where they serve various functions in photosynthetic processes and are incorporated 
into the foliar tissue itself. As a plant grows and stores energy, nutrients accumulate in the 
foliage, which is the end of the xylem translocation route (Larcher 1975). As the growing 
season draws to a close and the plant goes into a growth stage known as senescence, large 
amounts of N and P (Marschner 2012), as well as other mobile nutrients, are remobilized 
from foliar tissue and transported into woody tissue before abscission of foliage (Baker and 
Blackmon 1977, Reuter et al. 1997). Although phloem-immobile elements are not well 
reabsorbed from the leaf, some of these nutrients are lost in guttation fluid and leached out of 
leaves by rain (Reuter et al. 1997). Leaching of K, which tends to occur in young leaves, can 
result in substantial losses, while smaller quantities of Ca tend to be leached from old leaves 
in autumn (Sviridova 1960). 
 Plants reabsorb different nutrients to different extents. In some instances, plants can 
conserve more than half of their foliar nutrients for future growth by shunting them away 
from their foliage before abscission. Internal recycling of nutrients may enable 20-yr-old 
loblolly pine (Pinus taeda) to meet 20 – 30% of its N, P, and K requirements, 16% of Mg and 
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S requirements, and 7% of Ca requirements. In 5- to 10-yr-old red alder (Alnus rubra) and 
Monterey pine (Pinus radiata), recycling of N, P, and K may contribute 50 – 60% of plant 
requirements of these nutrients (Reuter et al. 1997). 
 In Populus, reported resorption rates vary. One study, which found large inter-annual 
variability in resorption of N and P, reported N, P and Mg resorption rates of 29 – 33%, 33 – 
38%, and 3 – 48%, respectively (Francis and Baker 1981). In another study, respective 
resorption rates of N, P, and Cu were 24 – 56%, 38 – 64%, and 6 – 13% and these nutrients 
were all better reabsorbed from late-abscising than from early-abscising leaves (Killingbeck 
et al. 1990). In that study, significant accumulation of Ca, Zn, and Fe was measured in 
senesced leaves. In a study conducted at natural Populus-dominated forest stands, N, P, and 
K resorption rates also varied throughout the process of senescence, the observed effect being 
largest for N (Niinemets and Tamm 2005). 
 In general, the net outcome of senescence is that the foliar concentrations of the 
mobile elements, in particular N, P, and K, decrease (Niinemets and Tamm 2005, Liu et al. 
2014), while the less mobile elements, especially Ca and Mn, accumulate in the foliar tissue 
(Killingbeck et al. 1990, Marschner 2012). Resorption and accumulation trends for Mg, B, 
Fe, Zn, and Cu are more variable, as the mobility of these nutrients is more strongly 
influenced by environmental controls (Baker and Blackmon 1977, Francis and Baker 1981, 
Killingbeck et al. 1990, Liu et al. 2014). 
 Nutrient resorption is an important conservation mechanism (Baker and Blackmon 
1977, Killingbeck 1996) and may be especially pronounced in plants growing in nutrient-
poor soils (Seaman et al. 2015). It has been shown that plants reabsorb N at higher rates in N-
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limited forests (Wei et al. 2015). The degree to which plants have access to specific nutrients 
in the substrate also influences the timing of leaf senescence and the nutrient redistribution 
that occurs (Liu et al. 2014). By upregulating the production of plant hormones that promote 
senescence, plant deficiencies of both N and K can accelerate the process (Marschner 2012). 
In combination with high light exposure, deficiencies of Zn, Mg, and K have been shown to 
cause stress-induced senescence through accumulation of photosynthate in the leaf 
(Marschner and Cakmak 1989). 
 In the context of agriculture, changes in the timing of leaf senescence have several 
implications for crop quality. Accelerated senescence may mean a shorter growing season, 
which limits plant growth and can result in crop spoilage and loss of mobile nutrients from 
plant tissue. Postponement of leaf senescence, which can result in higher concentrations of 
micronutrients such as Fe, Mn, and Zn, is often desirable (Diestelfeld et al. 2007). 
 Plant nutrient levels tend to be quite variable throughout the season and particularly 
during leaf senescence; an understanding of nutrient remobilization patterns, and their 
implications for plant growth, enables the use of plant-tissue analyses for plant nutritional 
assessment and deficiency diagnosis (Reuter et al. 1997). Ordering and classifying the 
nutrients based on mobility characteristics is useful not only for explaining observed changes 
in foliar nutrient concentrations over the course of a plant’s lifecycle but also for predicting 
where mineral deficiency symptoms will first occur within a plant. Deficiency symptoms 
(and, theoretically, measurably-lower nutrient concentrations) due to inadequate supply of 
immobile nutrients generally occur in a plant’s newest leaves. Inadequate supply of more 
mobile nutrients manifests itself in a plant’s oldest leaves (Reuter et al. 1997, Jones 2012). 
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2.1.7 Nutrient Interactions within Plants 
 When plants absorb and utilize nutrients differently depending on the quantity of 
other nutrients present, the nutrients are said to interact. Often complex, interactions are 
influenced by numerous factors, including climate, substrate parameters such as moisture, 
nutrient content, and pH, and plant parameters such as age and species (Fageria and Baligar 
1999, Fageria 2001, Ranade-Malvi 2011, Marschner 2012). 
 Positive nutrient interactions occur when increased supply of one nutrient results in 
increased absorption of another (Fageria 2001). Such interactions are generally manifested as 
positive correlations between nutrient concentrations within plant tissue. Plant growth is 
highly dependent upon N availability, so increased N supply can increase a plant’s growth 
rate and requirements for other nutrients. Nitrogen fertilization has a particularly strong 
positive effect on P absorption and can also cause increased uptake of Fe, Cu, and Mn, but it 
does not appear to influence plant uptake of Zn (Fageria 2001). 
 Negative nutrient interactions occur when nutrient ions with similar chemical 
properties compete for plant absorption, for transport within plant tissue, or for use in 
specific plant physiological functions (Fageria 2001, Ranade-Malvi 2011). Negative 
interactions are common between Ca and Mg, which form cations that have similar chemical 
charge and electronic configuration (Jones 2012). Such interactions also occur among Cu, 
Mn, and Zn (Fageria 2001). 
 When a particular cation is present in excess in the soil solution, the rate at which a 
plant uptakes other cations is generally decreased (Epstein 1972). Not only are plant-tissue 
cation concentrations thus dependent on the availability of particular elements in the growth 
18 
 
 
medium, but they depend on the presence or absence, and relative concentrations, of other 
ions (Ranade-Malvi 2011). This has important implications for the validity of plant 
nutritional assessments, because plant-tissue nutrient concentrations may become elevated far 
beyond adequacy levels (Fageria 2001). This dynamic relationship between nutrients also 
means that the sum of cations in plant tissue generally remains constant even though their 
relative proportions within the tissue may vary as a function of their relative concentrations 
in the growth medium (Larcher 1975, Ranade-Malvi 2011). While cation-cation and anion-
anion interactions are generally understood to be competitive in nature, the basis for cation-
anion interactions is less clear (Fageria 2001). 
 Specific examples of nutrient interactions abound. Increased soil Ca can decrease 
plant-shoot Zn, Mn, and Fe concentrations (Fageria and Baligar 1999), and increased Cu 
concentration in nutrient solution can decrease Zn absorption (Brar and Sekhon 1976). 
Because P deficiency is a common yield-limiting factor in agriculture (Fageria et al. 1997), 
the relationship between P and other nutrients, especially Zn, has been investigated 
intensively (Jones 2012). In Populus, P fertilization experiments have demonstrated P-
induced inhibition of Zn and Cu uptake without a measureable change in the soil-extractable 
concentrations of either micronutrient. Phosphorus-induced Zn deficiency symptoms may be 
due to augmented physiological requirements for Zn under high P regimes. Zinc deficiency 
stunts plant growth, which can result in elevated plant-tissue concentrations of N, Ca, and 
Mg (Teng and Timmer 1993). 
 Nutrient interactions have been relatively well studied in the agricultural realm 
(Fageria 2001), and much of what is known is a result of such research. Agricultural studies 
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are generally carried out under controlled field conditions, where experimental parameters 
such as nutrient inputs and water availability can be manipulated and closely regulated. 
Interpretation of interactions, however, is still complicated by variability in the 
concentrations of nutrients considered sufficient for adequate growth (Mellert and Goettlein 
2012) and the fact that plants respond to nutrient additions differently depending on whether 
they are growing in monocultures or mixtures (Wan et al. 2009, Richards et al. 2010). 
 In natural, more ecologically-complex environments such as forests, the results of 
field experiments often do not apply (Aerts and Chapin 2000). Because of the difficulties in 
studying nutrient interactions and the difficulties inherent in performing experiments on 
large, long-lived trees (Bradshaw et al. 2000), there is a lack of understanding regarding 
nutrient interactions in broadleaf trees in forest ecosystems. 
2.2 Assessment of Plant Nutrition 
2.2.1 Plant-Tissue Nutrient Concentrations 
 A plant’s nutritional status is an indication of its potential to produce biomass and of 
its susceptibility to become diseased. Nutritional status is assessed by measuring the nutrient 
composition of a plant’s tissue and comparing the values to those measured in healthy plants. 
Foliar nutrient concentrations, that is, nutrient concentrations in a plant’s leaves, tend to 
provide the best indication of a plant’s nutritional status (Marschner 1995). Leaves are 
therefore the standard plant tissue used in plant nutritional assessment, especially with 
respect to micronutrients, which are generally highest in the leaf (Reuter et al. 1997). 
Compared to other types of plant tissue such as stemwood and bark, foliar tissue has been 
shown to most closely reflect the chemical properties of the growth substrate (Shelton et al. 
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1981). Foliar nutrient concentrations are strongly influenced by environmental contamination 
(Pietrzykowski et al. 2013, Ciadamidaro et al. 2014) and nutrient amendment (Leech and 
Kim 1981, Coleman et al. 2006, Elferjani et al. 2013). 
 Previous work indicates substantial variability in foliar nutrient concentrations 
between coniferous and deciduous trees (Langille and Maclean 1976, Hagen-Thorn et al. 
2004b, Wan et al. 2009, Liu et al. 2014) as well as among deciduous tree species (Radwan 
and de Bell 1988, Cusick 2001, Hagen-Thorn and Stjernquist 2005, Hagen-Thorn et al. 
2006). Foliar nutrients may vary significantly within individual populations of conspecific 
trees, among leaves from different parts of the same trees (Verry and Timmons 1977, 
McClennan 1990, Ågren and Weih 2012), and even between different regions of single 
leaves (Marschner 2012). In particular, foliar concentrations of some nutrients can vary 
depending on position in the canopy (Verry and Timmons 1977), likely as a function of 
competition for sunlight exposure (Francis and Baker 1981, McLennan 1990). Some past 
Populus studies have reported nutrient values for leaves sampled from specific canopy strata 
(Tew 1970, Coleman et al. 2006, René et al. 2013, Salehi et al. 2013), but the majority of 
studies either report nutrient values for composite samples of leaves from all canopy 
positions (Leech and Kim 1981, Shelton et al. 1981) or do not specify the canopy positions 
from which leaves were sampled. 
 In Populus it is well established that foliar nutrient concentrations vary significantly 
depending on the time of year in which sampling takes place (Verry and Timmons 1977); 
differences are particularly apparent when comparing the nutrient concentrations of 
presenescent and senesced leaves (Killingbeck et al. 1990, Salehi et al. 2013). Sampling 
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season differences result in a high degree of variation in literature values even within genus 
Populus plants, which complicates nutritional assessment. 
2.2.2 Plant-Tissue Nutrient Ratios 
 Optimal nutrient ratios in plants vary between dissimilar species based on differences 
in plant physiology and between different populations of similar species based on 
environmental factors (Ranade-Malvi 2011). Despite this variability, previous studies have 
shown that foliar nutrient ratios, when utilized appropriately, provide a sensitive indication of 
plant nutritional status because they provide a measure of nutrient balance (Flückiger and 
Braun 2003). This is especially true for ratios between foliar N, P, and K, which have a 
strong physiological basis (Bailey et al. 1997b). Physiological explanations for ratios 
between foliar Ca and Mg are less clear, as their uptake is largely dictated by the cationic 
composition of the soil solution (Larcher 1975) and is not as tightly regulated (Bailey et al. 
1997b). 
 Because Ca and Mg do not exhibit the same seasonal patterns of change as do N, P, 
and K (Verry and Timmons 1977, Niinemets and Tamm 2005), ratios between Ca and Mg 
and these other macronutrients vary throughout the season. Foliar Ca/Mg ratios can serve as 
internal references, however, as they may indicate the degree to which environmental factors, 
as opposed to nutrient availability, limit plant growth. When growth is limited by multiple 
nutrients, but when absolute nutrient concentrations are such that nutrient ratios still indicate 
a state of nutritional balance, it can be useful to consider Ca/Mg ratios in conjunction with 
ratios between N, P, and K to avoid overlooking nutrient deficiencies (Bailey et al. 1997b). 
Although micronutrients are equally important in plant physiological processes, 
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micronutrient concentrations are much more variable within plants and therefore do not 
provide a sensitive measure of nutritional status (Ranade-Malvi 2011, Zhang et al. 2012). 
2.2.3 Relation of Plant Nutrition to Substrate Nutrient Concentrations 
 Sediments and soils (collectively referred to as substrates) are composed of particles 
that can be classified according to grain size along a textural continuum of cobbles, gravels, 
sands, silts, and clays. With more surface area and interstitial space, finer substrates (those 
with higher clay and silt content) generally have higher capacities to adsorb and retain 
nutrient ions on their surfaces and release them to soil solution (Brady and Weil 2009). Finer 
substrates also generally contain more organic matter (Brady and Weil 2009), which can aid 
in increasing moisture-holding capacity (Jones 2012). Nutrient and moisture levels in coarser 
substrates, those composed of cobbles, gravels, and sands, are generally lower (Brady and 
Weil 2009). 
 Plant nutrient availability, or bioavailability, is a measure of the extent to which 
mineral elements in the growth substrate are accessible to plants through root uptake. 
Generally greater in finer sediments (Brady and Weil 2009), nutrient bioavailability is 
increased in the presence of organic matter, which provides additional exchange sites for 
nutrient cations (Wichard et al. 2009). 
 Nutrient bioavailability is often estimated through direct extraction of nutrients from 
soils and sediments (Marschner 2012) using various chemical agents and extraction methods 
(Cusick 2001, Singh and Sharma 2007, Reed et al. 2008, Wichard et al. 2009, Wurzburger et 
al. 2012, Ciadamidaro et al. 2013, Li et al. 2014). Past studies have explored the relationship 
between substrate and plant-tissue nutrient levels (Shelton et al. 1981, Hagen-Thorn et al. 
23 
 
 
2004a, Martín-García et al. 2012, Maisto et al. 2013, Ciadamidaro et al. 2013, Salehi et al. 
2013), investigating changes as a function of both substrate and foliar nutrient amendments 
(Leech and Kim 1981, Teng and Timmer 1993, van den Driessche 2000, Coleman et al. 
2006, Valenciano et al. 2011). 
 In some cases, sediment-extractable nutrient concentrations have been shown to be 
indicative of nutrient bioavailability (Singh and Sharma 2007), especially when crop 
response to nutrient amendment is considered (Houba et al. 1996). In some cases, however, 
sediment nutrient composition is only weakly correlated with plant nutrient composition 
(Garten 1978) and may provide misleading information regarding the actual levels of 
nutrients that are available for plant uptake (Bailey et al. 1997c). 
 Plant roots can only take up nutrients in dissolved form, and it is difficult to account 
for all of the complex biogeochemical interactions that occur between metal ions and any 
specific growth substrate (Goldberg et al. 2008, Wichard et al. 2009, Jones 2012, Marschner 
2012). For example, ectomycorrhizal fungi and arbuscular mycorrhizal fungi, which both 
associate with black cottonwood (Cusick 2001, Karliński et al. 2010), can influence plant 
nutrient uptake by facilitating nutrient movement within the substrate (Cusick 2001). In soils 
contaminated with Cu and Pb from Cu smelting, ectomycorrhizal fungal inoculation of 
Populus increased plant-tissue concentrations of both Cu and Pb (Bojarczuk et al. 2015). In 
metal-contaminated, macronutrient-deficient mine sites, Acacia and Eucalyptus inoculated 
with ectomycorrhizal fungi accumulated fewer toxic metal ions and more macronutrients 
(Jourand et al. 2014). 
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 There is no simple, universal means of predicting plant nutrient uptake and utilization 
(Garten 1978) or plant growth response (Jones 2012) based on substrate nutrient levels. The 
accuracy of analyses that rely on measurements of substrate nutrient composition to assess 
nutrient bioavailability is therefore inherently limited. Methods that directly measure plant-
tissue nutrient composition to assess nutrient bioavailability in the substrate (Maathuis 2013) 
and to assess plant nutritional status with respect to these elements (Marschner 2012) have 
been shown to be more reliable than methods based solely on substrate analyses (Richards 
and Bevege 1972, Beaufils 1973, Binkley 1986). 
2.2.4 Standardized Approaches 
 Variability in foliar nutrient levels complicates plant nutrient assessment and has 
prompted the standardization of foliar sampling procedures (Luyssaert et al. 2002) and the 
development of several methods that attempt to standardize interpretations of foliar nutrient 
values. Among these methods are analyses based on critical values (Jones 2012), critical 
deficiency concentrations (Marschner 2012), and standard values and sufficiency ranges 
(Jones 2012). In some methods, sufficiency concentrations are determined separately for 
individual nutrients, and nutrient ratio sufficiency ranges are then determined based on these 
values. Even within a single plant species there is considerable variability in the ratio ranges 
deemed adequate for sufficient plant growth, so nutrient ratios calculated from nutrient 
concentrations measured in isolation do not necessarily provide an accurate measure of 
nutrient balance (Flückiger and Braun 2003). 
 The diagnosis and recommendation integrated system (DRIS) uses optimal plant-
tissue nutrient ratios for plant nutritional assessment (Beaufils 1973). Based on relative 
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relationships between nutrients, the DRIS is a more reliable approach than methods based on 
absolute nutrient concentrations (Hallmark and Beverly 1991, Bailey et al. 1997b). Nutrient 
ratios are somewhat less influenced by plant aging processes, growth dilution, and changes in 
concentrations of nonstructural carbohydrates (Fageria 2001, Flückiger and Braun 2003, 
Marschner 2012, Elferjani et al. 2013). Ratios between some of the nutrients are also less 
temporally variable over the growing season, remaining relatively constant even as individual 
nutrient concentrations change (Verry and Timmons 1977). For the diagnosis of P, K and S 
deficiencies, the DRIS has specifically been shown to be superior to the critical value 
approach (Bailey et al. 1997a). 
 In the DRIS, nutrient ratio norms are established for each specific plant species by 
measuring highly-productive “reference population” plants grown under field conditions 
(Filho 2004, Hundal 2007, Maia 2012) with fertilizer amendments (Leech and Kim 1981). 
These reference values are established based on foliar nutrient concentrations measured 
during the summer (generally July through September) (Leech and Kim 1981). In order to 
avoid variability due to nutrient resorption at the end of the growing season (Hansen 1994), 
DRIS analyses are best completed using values from foliage sampled during July and 
August, when nutrient concentrations are the most stable (Verry and Timmons 1977, 
Coleman et al. 2006). 
 The assumption in the DRIS is that the concentrations of all nutrients, and therefore 
all nutrient ratios, are optimal in plants that yield the most biomass (Campion and Scholes 
2007, Elferjani et al. 2013). Calculation of standardized DRIS nutrient indices is based on 
these optimal nutrient ratios (Filho 2004, Campion and Scholes 2007). Nutrient ratios 
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measured in individual plants or populations of plants are compared against these standards 
to guide nutrient amendment recommendations (Leech and Kim 1981, Elferjani et al. 2013) 
and to detect nutrient deficiencies (Beaufils 1971, Walworth and Sumner 1987, Filho 2005, 
Serra et al. 2013). Index values near zero reflect nutritional balance, while nutrient excesses 
and deficiencies are indicated by positive and negative indices, respectively (Walworth and 
Sumner 1987. 
 Nutritional assessments using the DRIS rely on large sample sizes for which reliable 
coefficients of variation can be calculated in order to determine nutrient indices (Bailey et al. 
1997b, Filho 2004, Elferjani et al. 2013). Because of this, the DRIS is not always judged to 
be the best method for analysis of plant nutrition. In some cases, foliar nutrient ratios are 
used in conjunction with other analyses. In their nutritional assessment of hybrid poplar, in 
which they had sampled a relatively small number of tree stands, Martín-García et al. (2012) 
opted to assess foliar nutrient balance using tree growth measurements, analysis of nutrient 
ratios and correlations between substrate and foliage, and observations of deficiency 
symptoms, instead of employing the quantitative DRIS approach. 
 While some early studies did extend the DRIS to micronutrient assessment (Righetti 
et al. 1988, Hallmark and Beverly 1991, Rathfon and Burger 1991), it was only within the 
last decade that the method became more widely implemented for this purpose. 
Micronutrient indices have now been reported for several plant species (Filho 2005, 
Nachtigall and Dechen 2007a, Srivastava and Singh 2008, Singh et al. 2012, Raghupathi et 
al. 2013), but DRIS assessments using these values are difficult and often inaccurate. Plant-
tissue micronutrient concentrations are highly variable (Martín-García et al. 2012, Zhang et 
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al. 2012) and their direct relationships to the concentrations of other nutrients often lack a 
physiological basis (Ranade-Malvi 2011). 
2.2.5 Populus and the DRIS 
 Many industrial-scale poplar (genus Populus) plantations have been established over 
the past several decades in the Pacific Northwest, where climatic and soil conditions are 
especially suitable for plant growth (Brown and van den Driessche 2002). Of high 
commercial value, poplar also have high growth rates and high nutrient demands (Bradshaw 
et al. 2000, Lteif et al. 2008). Poplar nutrition and productivity, especially of hybrid varieties 
(Dunlap and Stettler 1998, Brown and van den Driessche 2002, Martín-García et al. 2012), 
has been the subject of many studies in both planted and naturally-established settings 
(Blackmon et al. 1979, Heilman 1985, Coleman et al. 2006, Sayyad et al. 2006, Singh and 
Sharma 2007, Lteif et al. 2008, René et al. 2013). 
 Macronutrient norms for the DRIS have been established for some species of poplar 
(Leech and Kim 1981, René et al. 2013), and several studies have evaluated poplar 
macronutrition using the DRIS approach (Coleman et al. 2006, Guillemette and DesRochers 
2008, Lteif et al. 2008, Elferjani et al. 2013, René et al. 2013). No DRIS micronutrient 
assessments of poplar have yet been published. 
2.3 Primary Succession and the Dewatered Lake Aldwell Reservoir 
2.3.1 Principles of Primary Succession 
 Primary succession is the process by which ecosystems develop in biological 
complexity following severe disturbances (Walker and del Moral 2003, Wali 1999). Primary 
succession occurs on floodplains (Walker and del Moral 2003), lava flows (Vitousek 1999), 
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tephra deposits following volcanic eruptions (del Moral and Wood 1993), recently-
deglaciated surfaces (Cusick 2001, Pérez et al. 2014), and reclaimed mining spoils (Wali 
1999, Groninger 2007), among many other types of substrates. 
 Successional trajectories differ between environments based on the type and severity 
of disturbance, but the mechanisms of primary succession are similar. Newly formed or 
newly uncovered surfaces, with little or no surviving biological legacy, are initially colonized 
by mosses and lichens. These initial colonizers modify the habitat, facilitating the 
colonization and establishment of plant and animal species (Wali 1999). Over time, 
interspecific competition for resources and patterns of resource supply change. Varying 
resource-supply trajectories (Barbour et al. 1999) result in the development of complex biotic 
communities, which generally become increasingly resilient (Wali 1999, Walker and del 
Moral 2003). 
 Succession occurs over wide temporal scales, the measurement of which depends on 
the species involved. For example, succession of grasses may occur over decades, while tree 
species change over the timescale of centuries (Walker and del Moral 2003). The speed at 
which succession proceeds is partly dictated by the size of the recovering area, and plant 
recolonization is generally controlled by water availability and soil fertility (Walker and del 
Moral 2003, Michel et al. 2011). The structure of plant and animal communities is 
determined by the species present and by their means of dispersal and propagation (Barbour 
et al. 1999, Groninger 2007). Proximity to intact forests and means of seed dispersal and 
transport are of particular importance in determining rates of revegetation (Chenoweth et al. 
2011, Michel et al. 2011). 
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2.3.2 Primary Succession in the Elwha River Ecosystem 
 Dewatered reservoirs of the Elwha River share attributes with primary successional 
environments. Barren glacial outwash plains in the wake of the retreating Exit Glacier in 
Alaska are frequently flooded and are exposed to strong wind action. Near these barren 
regions, raised terraces comprised of coarse gravels contain scattered seedlings of naturally-
established cottonwood and willow (Cusick 2001). These conditions are similar to those 
found at Lake Aldwell, a floodplain environment lacking mature woody vegetation to 
provide protection from the wind. 
 In dewatered environments, successional trajectories are strongly influenced by local 
geomorphological characteristics, and rates of ecosystem change are highly variable (Doyle 
et al. 2005, Lafrenz et al. 2013). On the Elwha River, phased reservoir drawdown (Warrick et 
al. 2015) resulted in prime conditions for the establishment of black cottonwood and 
Scouler’s willow, as substrate water availability was high during the period of seed dispersal. 
These species have naturally colonized many sites within the dewatered reservoirs. Red alder 
(Alnus rubra), a potentially important component of ecosystem recovery due to its N2-fixing 
capacity, has also established at reservoir sites near the forest border. Both cottonwood and 
alder disperse their seeds in the wind, but cottonwood seeds, being lighter, are easily carried 
aloft for several hundred meters (Braatne et al. 1996, Naiman et al. 2010) while wind-
dispersed alder seeds are constrained to within about 100 m of mature stands (Harrington 
2006). 
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2.3.3 Substrate and Nutrients in Primary Successional Environments 
 Previous studies have assessed nutrient availability in primary successional 
environments. Early in ecosystem development, plant growth is usually limited by low levels 
of N in the substrate. Over time, accumulation of N and weathering of mineral P brings the 
two nutrients into balance. In older substrates, as P is lost through mineral weathering, P 
eventually becomes limiting (Walker and Syers 1976, Vitousek 1999). This pattern has been 
shown on young volcanic substrates in Hawaii (Vitousek and Harrington 1997, Vitousek 
1999). Although plant growth at these sites was limited by N availability, P was found to be 
relatively more limiting to plant growth in coarser-textured substrates, where less surface 
area was accessible to weathering (Vitousek 1999). 
 In postglacial succession in southern Chile, total substrate concentrations of C and N 
increased over time in a 400-year soil chronosequence, as did foliar C/N and C/P ratios, but 
foliar N/P ratios stayed constant. Biological N2 fixation was at a maximum in the earliest 
stages of the chronosequence, where a symbiotic N2-fixing herb was present. Over the 
chronosequence, rates of N2 fixation decreased (Pérez et al. 2014). 
 Recent studies have investigated sediment chemistry specifically following dam 
removal. In post-dam-removal riparian environments, reservoir sediment characteristics are 
highly variable in general but especially variable with respect to levels of organic matter 
(Rohdy 2013). One year after removal of a 10-m-tall dam in Wisconsin, concentrations of 
extractable K, and total P, K, Ca, and S, were higher in the dewatered sediments, while 
concentrations of extractable P, as well as total Cu and Mn, were higher in soils buried under 
the sediments (Wells et al. 2008). A study of dewatered substrate characteristics following 
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removal of a 14-m-tall dam in Oregon indicated that delayed soil development may inhibit 
rates of accumulation of plant-available N and Fe (Lafrenz et al. 2013). 
 The substrate characteristics in primary successional environments can influence 
plant nutrition. In reclaimed mining sites, foliar macronutrient concentrations in naturally-
established trees have been shown to be affected more by physical and chemical substrate 
characteristics than by mineral fertilization (Pietrzykowski et al. 2013). Smaller-scale 
environmental characteristics, such as sediment texture and water availability, influence both 
vegetation structure and soil development and are highly dependent on local site conditions 
(Cusick 2001, Burga et al. 2010). 
2.3.4 Substrate and Nutrients in Elwha River Dewatered Reservoirs 
 The basin drained by the Elwha River is composed primarily of sandstone and shale 
from marine sedimentary deposits in the river’s upper reaches and of glacial and alluvial 
deposits closer to the river’s mouth (Duda et al. 2008). The river valley bottom is comprised 
of sandy gravels, while soils in the forested upland areas are composed of clay and rock 
(Chenoweth et al. 2011). 
 Sediment textures in dewatered Lake Aldwell and Lake Mills vary spatially as a 
result of fluvial processes that occurred both prior to and during dam removal. As the Elwha 
River’s competence decreased as it flowed into the dammed reservoirs, suspended coarse 
sediments were deposited preferentially in the reservoir deltas. Finer material was carried in 
suspension farther into the reservoirs before deposition, resulting in sediments with higher 
clay and silt content in reservoir reaches more distant from the deltas (Warrick et al. 2015). 
During phased drawdown of both reservoirs, the delta regions advanced northward toward 
32 
 
 
the dams. Throughout this process, erosion and subsequent deposition of coarser delta 
sediment resulted in the burial of finer lake-bottom deposits that existed in the reservoirs’ 
deeper interior regions. In both reservoirs, this resulted in a prodelta area comprised of a 
layer of coarse sediments deposited on top of fine lake-bottom sediments (Randle et al. 2015, 
Warrick et al. 2015). 
 Submerged fine sediments sampled from the northern end of Lake Mills prior to 
reservoir drawdown were composed of 6% clay (< 2 μm), 85% silt (2 – 50 μm), 7% fine sand 
(50 – 500 μm), and 1% coarse sand (> 0.5 mm). Analogous values for coarse sediments 
sampled from the reservoir delta above the water level were < 1%, 2%, 87%, and 11%, 
respectively (Cavaliere and Homann 2012).  
 The substrate chemistry differs between coarse sediments, fine sediments, and 
established forests. In the < 0.5 mm fractions of the samples taken from the Lake Mills 
reservoir prior to dam removal, fine sediments had higher concentrations of C, N, organic P, 
Ca-bound P, and Fe-bound P than coarse sediments (Cavaliere and Homann 2012). In 
submerged fine sediments sampled from Lake Aldwell prior to dam removal, extractable 
concentrations of K, Ca, and B were lower, and P, Mn, and Cu higher, than those measured 
in soils of Olympic National Forest stands containing vegetation communities similar to 
those found in the forests adjacent to the Elwha River. 
 The dewatered Lake Aldwell sediments likely reflect these pre-dam-removal 
differences in substrate chemistry. At Manatawny Creek in Pennsylvania, trace metal 
concentrations did not vary significantly between sediments sampled before and after dam 
removal (Bushaw-Newton et al. 2002). 
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 Following dam removal at Lake Aldwell, samples from the fine-sediment sites used 
in the current study were composed of 14% clay, 80% silt, and 6% sand (> 50 μm) (Chhaya 
Werner, University of California, Davis, personal communication). Near-surface (1-m) C 
content was highly variable throughout the dewatered sediments and especially low near 
Lake Aldwell’s southern delta (Wing 2014). In fine sediments sampled from plots on the 
valley walls of both dewatered Elwha River reservoirs, concentrations of N, P, and K were 
found to be quite low compared to levels normally found in riparian zones, with especially 
high variability in K concentrations (Werner 2014). The findings from these studies are 
generally consistent with those from a small-dam-removal study in California, where 
dewatered reservoir sediments were found to be low in organic matter compared to forest 
reference sites (Rohdy 2013). 
 Dewatered Lake Mills sediments contain viable arbuscular and ectomycorrhizal 
fungi. Arbuscular mycorrhizal spore density was found to decrease with distance from the 
edge of the adjacent intact forest (Cortese 2014). At dewatered Lake Aldwell, mycorrhizal 
fungi, which associate with black cottonwood (Karliński et al. 2010), may play a role in 
facilitating plant uptake of substrate nutrients. 
2.4 Gaps in Knowledge 
2.4.1 Primary Succession in Dewatered Reservoirs 
 Dam removal, in itself an approach to ecosystem restoration, causes significant 
environmental disturbance. Considering the increasing occurrence of dam-removal projects, 
there is a clear need for scientific assessments of ecosystem responses (Babbit 2002, Poff and 
Hart 2002, Shafroth et al. 2002). None of the studies that have investigated the ecological 
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effects of small-dam removal (Bushaw-Newton et al. 2002, Thomson et al. 2005, Ashley et 
al. 2006, Velinsky et al. 2006, Rohdy 2013, Cantwell et al. 2014) have specifically assessed 
plant nutrient availability or plant nutrition. There is a scarcity of knowledge about the 
ecological impacts of large-dam removal; in two such studies (Wells et al. 2008, Lafrenz et 
al. 2013), substrate nutrient levels were measured but plant nutrition was not. Past studies 
have examined impacts of river damming on cottonwood forests downstream (Rood and 
Mahoney 1991), but none have investigated cottonwood nutrition in dewatered reservoirs. 
2.4.2 Plant Nutrition in the Dewatered Lake Aldwell Reservoir 
 Analyses completed both prior to and following removal of the dams on the Elwha 
River indicate that reservoir sediments are generally low in organic matter as well as several 
plant-essential elements such as N, K, Ca, and B. Among sediment types, there is 
considerable spatial variation in nutrient levels (Chenoweth et al. 2011, Cavaliere and 
Homann 2012, Werner 2014, Wing 2014, Schuster 2015). 
 Within the texturally-diverse Lake Aldwell reservoir sediment environment, water 
and nutrient availability may be highly variable as a function of the physical, chemical, and 
geomorphological characteristics of the substrates (Calimpong 2014). This could have 
important implications for plant succession. In the former Lake Mills reservoir, substrate 
texture and moisture content were found to significantly influence survivorship for several 
woody species planted in the dewatered sediments, with plant survival being highest in 
sediments composed primarily of silts and clays (Calimpong 2014). No vegetation studies 
have measured or compared plant nutrition between the various sediment microenvironments 
in either reservoir. This study’s nutrient assessment will provide information regarding the 
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extent to which nutrient availability may impact ecosystem restoration in dewatered 
sediments of the Elwha River and in other environments following dam removal. 
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3.0 Methods 
3.1 Sample Collection 
3.1.1 Study Site 
 The study site is the dewatered Lake Aldwell reservoir (48°05′40″N 123°33′24″W, 
Elevation 61 m), which is cut by the Elwha River and bordered on all sides by second-growth 
conifer forest (Chenoweth et al. 2011). The area receives an average of 1.4 m annual 
precipitation (Duda et al. 2008). Variations in sediment texture within the reservoir are the 
result of several factors, including the manner in which suspended sediments in the Elwha 
River were originally deposited, characteristics of reservoir currents, and the rate and 
characteristics of reservoir drawdown, which influenced erosion and transport of sediment 
within the reservoir (Randle et al. 2015, Warrick et al. 2015). In the time since the 
completion of dam removal and reservoir drawdown in early 2012, natural establishment of 
many native riparian woody plants, including black cottonwood and Scouler’s willow, has 
occurred at several locations within the reservoir. Many native species have also been seeded 
or planted throughout the reservoir in order to assist the natural revegetation process and to 
accelerate plant succession. 
3.1.2 Sampling Sites 
 Sampling took place on November 6 and 7, 2014. No precipitation occurred during 
sample collection, but wind and moderate precipitation were observed both before and after 
sampling on the first day. Naturally-established black cottonwood saplings were sampled in 
the dewatered Lake Aldwell reservoir from seven distinct stands (Figure 1) selected under 
the guidance of Josh Chenoweth, lead restoration botanist at Olympic National Park. Two of 
the cottonwood stands were growing on fine-grained sediments, three on coarse-grained 
37 
 
 
sediments, and two on complexly-bedded prodelta substrates, the latter being comprised of a 
layer of fine-grained sediments deposited on a layer of coarse-grained sediments (Warrick et 
al. 2015). Cottonwood saplings were also sampled from one site outside of the reservoir 
sediments at the border of the adjacent established forest (Figure 1). In this study, unless 
explicitly stated otherwise, the term “reservoir” is used when referring exclusively to the 
three sediment microenvironments within the dewatered reservoir itself (including all fine, 
prodelta, and coarse sites), while “Lake Aldwell” is used in the absence of “reservoir” to 
refer to all four microenvironments in which cottonwood were sampled. Because black 
cottonwood seeds are dispersed by wind and because seeds are only viable for a short 
window of time, black cottonwood was not artificially seeded in the reservoir or planted at 
the sites of these stands (Joshua Chenoweth, Olympic National Park, personal 
communication), thus ensuring that only naturally-established plants were sampled. 
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Figure 1.  Sampling locations in the dewatered Lake Aldwell reservoir and adjacent forest 
(left), with close-ups of northernmost (upper right) and southernmost (lower right) 
sampling sites. Highway 101 and the site of the previous Elwha Dam are labeled 
for reference (map data: Google, 2016). 
 
3.1.3 Sampling Procedures 
 From each reservoir site, four cottonwood saplings (Leech and Kim 1981, Rodríguez-
Barrueco et al. 1984, Hagen-Thorn and Stjernquist 2005) were selected haphazardly, using 
the following avoidance criteria: no visual mechanical or insect damage (Cusick 2001), no 
visual disease infestations, and no plants growing within 1 m of the border of the stand 
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(Jones 2012). Plant height, stem diameter at 5 cm above ground, and stem density of 
surrounding woody plants (based on a variable-density radius from 1 to 5 m) were recorded 
for each sapling. Reservoir saplings sampled were either 2 or 3 yr old (Joshua Chenoweth, 
Olympic National Park, personal communication) depending on the site and were between 1 
and 5 m tall. Outside of the dewatered reservoir sediments, only two cottonwood saplings 
were found for sampling in the adjacent forest. These plants, of unknown age, were between 
1 and 2 m tall and were growing among mature trees at the border of the forest adjacent to 
the reservoir, on the uphill side of the current dam-site access road. 
 Plant leaves (10 – 20) with petioles intact were sampled from all canopy positions and 
combined for each individual sapling, yielding one composite sample from each plant. 
Visual, subjective observations about leaf tissue color and morphology were recorded. 
Yellowing of cottonwood leaf tissue had occurred prior to the time of sampling, and brown 
regions were visible on the leaves of many of the saplings, particularly those growing at 
coarse sediment reservoir sites. Substantial leaf litter was observed on the ground, 
presumably from both the cottonwood saplings and the willow amidst which the cottonwood 
were growing. 
 In past studies of autumnal nutrient resorption in Populus (Baker and Blackmon 
1977, Francis and Baker 1981, Killingbeck et al. 1990, Salehi et al. 2013), leaves sampled 
during October and November were senesced. Given that Lake Aldwell cottonwood leaves 
were sampled in November and that there were already leaves on the ground, and based on 
visual observations of leaf coloration, it was surmised that leaf senescence was at an 
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advanced stage in the Lake Aldwell saplings and that extensive resorption of mobile nutrients 
such as N and P (Baker and Blackmon 1977) had likely already occurred. 
 Prior to collection of sediment samples at reservoir sites, large cobbles and any 
existing leaf litter were brushed away from the substrate surface. One sediment sample of 
500 to 750 g was then collected from the upper 10 cm of substrate at the base of each sapling 
and weighed in the field using a portable scale, accurate to ±1 g. No substrate samples were 
collected at the forest site due to permitting limitations. Leaf and sediment samples were 
stored in separate plastic bags which were then enclosed within one larger labeled plastic bag 
for each sampled tree. All samples were refrigerated in a cooler within 4 h of collection and 
refrigerated below 40 °C within 48 h of collection pending drying (Cusick 2001, Jones 
2012). 
3.2 Sample Preparation 
 All laboratory work was completed at Western Washington University. Sample 
preparation, NC analysis, and sample digestions were carried out through the Department of 
Environmental Sciences, and inductively coupled plasma mass spectrometry (ICP-MS) was 
carried out through the Advanced Materials Science and Engineering Center. 
3.2.1 Foliar Sample Drying and Homogenization 
 Foliar samples were transferred to paper storage bags and oven-dried to constant mass 
for at least 48 h at 70 °C (Elferjani et al. 2013, Salehi et al. 2013) to stabilize them for storage 
at room temperature (Reuter et al. 1997). Petioles were removed from leaves by hand and the 
remaining leaf tissue was homogenized (Hagen-Thorn and Stjernquist 2005, Elferjani et al. 
2013, Maathuis 2013) using a Foss Tecator AB 1093 Cyclotec Sample Mill (FOSS, Hillerød, 
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Denmark) with a 1-mm screen. Prior to introduction of each new sample into the mill, the 
mill was disassembled, vacuumed, and reassembled. A portion of the new sample was then 
processed and discarded, and the glass collection vial was vacuumed and then sprayed with 
forced air. Another portion of the sample was then processed and kept for analysis. 
Homogenized leaf tissue samples were transferred to paper envelopes and dried again before 
elemental analysis (Cusick 2001). 
3.2.2 Sediment Sample Drying and Weighing 
 Sediment samples were transferred to paper storage bags and oven-dried to constant 
mass for at least 48 h at 80 °C. Each sediment sample was weighed, and sediment dry mass 
was subtracted from sediment mass at time of collection to determine sediment moisture 
mass. Percent sediment moisture content was calculated as the quotient of sediment moisture 
mass and sediment mass at time of collection, expressed as a percentage (Werner 2014). 
3.3 NC Elemental Analysis 
 Dry (70 °C), homogenized leaf samples were analyzed for total N using a Thermo 
Electron NC Soil Analyzer Flash EA 1112 Series (Thermo Electron Corporation, Milan, 
Italy). A known mass of material of 19 to 21 g was measured into a tin capsule, which was 
then compressed to seal in the material and to remove any air prior to insertion into an 
autosampler (Cavaliere 2010). The calibration curve was made from atropine (MP 
Biomedicals, Santa Ana, CA), which contained 48.4 g kg
-1
 N. In the calibration curve, which 
had an R
2
 value of 0.999, the mass of N ranged from 0.055 mg N to 0.946 mg N. 
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3.4 ICP-MS Elemental Analysis 
3.4.1 Chemical Reagents 
 In this study, HNO3 used was of ultrapure grade, certified for trace metals analysis at 
the parts-per-billion level (VWR International, West Chester, PA), and H2O2 used was of 
reagent-grade purity (MP Biomedicals, Santa Ana, CA). All glassware was acid-washed with 
10% HNO3. High-purity water of 18 MΩ cm from a Thermo Scientific Barnstead water 
purification system (Thermo Fisher Scientific, Inc., Waltham, MA) was used for all 
preparation of samples and dilution of calibration standards and for final rinsing of 
glassware, plastic measuring utensils, and acid-cleaned microwave digestion vessels. The 
following protocol was carried out to clean microwave digestion vessels prior to each use: 
5 mL concentrated HNO3 was added to each vessel, the temperature was ramped to 180 
°C over a period of 10 min, and vessels were cooled and vented. Vessel contents were 
discarded, vessels were disassembled, and all components were rinsed five times with water 
and dried with forced air. 
3.4.2 Sample Digestion 
 Foliar samples were digested using a microwave-assisted procedure (Maathuis 2013) 
in a Milestone ETHOS EZ microwave system (Milestone, Inc., Shelton, CT) equipped with 
10 high-pressure 100-mL tetrafluoroethylene digestion vessels. A known dry (70 °C) mass of 
material of 230 to 270 mg was weighed directly into each tared vessel, to which were added 
9 mL concentrated (67%) HNO3 and 1 mL H2O2. Vessels were then closed and secured in the 
digestion oven. Following the “Tea Leaves” digestion protocol (Milestone, Inc., n.d.), 
temperature was ramped to 180 °C over 5 min and held at 180 °C for 10 min, after which 
vessels were cooled to room temperature and vented. Each digestate was quantitatively 
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transferred to a tared 50-mL centrifuge tube by rinsing the digestion vessel and vessel lid 6-8 
times with water, diluted with additional water to a final volume of 50 mL, and weighed. 
Prior to chemical analysis, digestates were diluted to 5% HNO3 and centrifuged for 30 min at 
3000 rpm. 
3.4.3 Elemental Analysis  
 Leaf-tissue digests were analyzed for macronutrients (P, K, Ca, Mg) and 
micronutrients (Fe, Mn, Zn, Cu, Ni, Mo) for this study, as well as several other elements, 
using an Agilent 7500 Series Inductively Coupled Plasma Mass Spectrometer (Agilent 
Technologies, Santa Clara, California, USA) equipped with octopole reaction system and 
ASX-510 Autosampler (Teledyne CETAC Technologies, Omaha, NE). A multi-element 
solution external standard (Inorganic Ventures, Christiansburg, VA) and internal standards 
(
6
Li, 
45
Sc, 
72
Ge, 
103
Rh, 
115
In, 
159
Tb, 
175
Lu, 
209
Bi) were used for calibration and tuning of ICP-
MS instrumentation for determination of Ag, Al, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, 
Mo, Na, Ni, V, and Zn. Analyses were run in no-gas mode. External calibration standards 
were prepared in 5% HNO3 by the serial dilution method at analyte concentrations ranging 
from 100 mg L
-1
 to 10 ng L
-1
 for Ca, Fe, K, Mg, and Na, and ranging from 1 mg L
-1
 to 0.1 ng 
L
-1
 for the remaining analytes. For determination of P, a KH2PO4 standard (Avantor 
Performance Materials, Center Valley, PA) was used for calibration (K concentrations 
ranging from 100 mg L
-1
 to 10 ng L
-1
) with 
45
Sc as an internal standard, and He-reaction-cell 
mode was used for the analysis. A calibration blank containing 5% HNO3 completed the 
calibration curve for each analyte measured (Enamorado-Baez et al. 2013), and Ar was used 
as a carrier gas for all ICP-MS analyses. 
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 Final masses of digestates (diluted to 5% HNO3 in 50 mL) were corrected for the 
increase in density (relative to water) caused by the addition of HNO3. Plant-tissue nutrient 
concentrations ([𝑛𝑢𝑡𝑟𝑖𝑒𝑛𝑡]𝑑𝑟𝑦 𝑙𝑒𝑎𝑓) were calculated based on the following equations, where: 
𝑚𝑥 = mass of 𝑥              𝑣𝑦 = volume of 𝑦  
[𝑥]𝑦 =  concentration of 𝑥 in 𝑦  
𝜌𝑧 = density of 𝑧  
𝐼𝐶𝑃 𝑠𝑎𝑚𝑝𝑙𝑒 = diluted microwave digestate, as analyzed by ICP-MS 
 In this study: 
[𝐻𝑁𝑂3]𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 67% HNO3 by mass 
𝜌([𝐻𝑁𝑂3]) = interpolated density value @ 22 °C, from Perry and Green (1984) 
 To determine [𝑑𝑟𝑦 𝑙𝑒𝑎𝑓]𝑑𝑖𝑔𝑒𝑠𝑡𝑎𝑡𝑒 : 
𝑚𝐻𝑁𝑂3𝑑𝑖𝑔𝑒𝑠𝑡𝑎𝑡𝑒 = ([𝐻𝑁𝑂3]𝑖𝑛𝑖𝑡𝑖𝑎𝑙)(𝑣𝐻𝑁𝑂3)(𝜌([𝐻𝑁𝑂3]𝑖𝑛𝑖𝑡𝑖𝑎𝑙)) 
[𝐻𝑁𝑂3]𝑑𝑖𝑔𝑒𝑠𝑡𝑎𝑡𝑒 =
𝑚𝐻𝑁𝑂3𝑑𝑖𝑔𝑒𝑠𝑡𝑎𝑡𝑒
𝑚𝑑𝑖𝑔𝑒𝑠𝑡𝑎𝑡𝑒
 
𝑣𝑑𝑖𝑔𝑒𝑠𝑡𝑎𝑡𝑒 =
𝑚𝑑𝑖𝑔𝑒𝑠𝑡𝑎𝑡𝑒
𝜌([𝐻𝑁𝑂3]𝑑𝑖𝑔𝑒𝑠𝑡𝑎𝑡𝑒)
 
[𝒅𝒓𝒚 𝒍𝒆𝒂𝒇]𝒅𝒊𝒈𝒆𝒔𝒕𝒂𝒕𝒆 =
𝑚𝑑𝑟𝑦 𝑙𝑒𝑎𝑓
𝑣𝑑𝑖𝑔𝑒𝑠𝑡𝑎𝑡𝑒
 
 To determine [𝑑𝑖𝑔𝑒𝑠𝑡𝑎𝑡𝑒]𝐼𝐶𝑃 𝑠𝑎𝑚𝑝𝑙𝑒 : 
𝑣𝐼𝐶𝑃 𝑠𝑎𝑚𝑝𝑙𝑒 =
𝑚𝐼𝐶𝑃 𝑠𝑎𝑚𝑝𝑙𝑒
𝜌([𝐻𝑁𝑂3]𝐼𝐶𝑃 𝑠𝑎𝑚𝑝𝑙𝑒)
 
[𝒅𝒊𝒈𝒆𝒔𝒕𝒂𝒕𝒆]𝑰𝑪𝑷 𝒔𝒂𝒎𝒑𝒍𝒆 =
𝑣𝑑𝑖𝑔𝑒𝑠𝑡𝑎𝑡𝑒
𝑣𝐼𝐶𝑃 𝑠𝑎𝑚𝑝𝑙𝑒
 
 To determine [𝑛𝑢𝑡𝑟𝑖𝑒𝑛𝑡]𝑑𝑟𝑦 𝑙𝑒𝑎𝑓 : 
[𝑑𝑟𝑦 𝑙𝑒𝑎𝑓]𝐼𝐶𝑃 𝑠𝑎𝑚𝑝𝑙𝑒 =
[𝒅𝒓𝒚 𝒍𝒆𝒂𝒇]𝒅𝒊𝒈𝒆𝒔𝒕𝒂𝒕𝒆
[𝒅𝒊𝒈𝒆𝒔𝒕𝒂𝒕𝒆]𝑰𝑪𝑷 𝒔𝒂𝒎𝒑𝒍𝒆
 
[𝑛𝑢𝑡𝑟𝑖𝑒𝑛𝑡]𝑑𝑟𝑦 𝑙𝑒𝑎𝑓 =
[𝑛𝑢𝑡𝑟𝑖𝑒𝑛𝑡]𝐼𝐶𝑃 𝑠𝑎𝑚𝑝𝑙𝑒
[𝑑𝑟𝑦 𝑙𝑒𝑎𝑓]𝐼𝐶𝑃 𝑠𝑎𝑚𝑝𝑙𝑒
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 Macronutrient values were expressed in g kg
-1
 and micronutrient values were 
expressed in mg kg
-1
. 
3.4.4 Quality Control 
 Reliability of NC analyses was evaluated using lab duplicate samples, sample blanks, 
and Standard Reference Material (SRM) 1515 “Apple Leaves” (National Institute of 
Standards and Technology, Gaithersburg, MD), which contained 22.5 g kg
-1
 N (Reed 1993). 
Observed values of SRM 1515 lab quality control samples, which were interspersed 
throughout homogenized cottonwood leaf samples, ranged from 22.5 to 23.0 g kg
-1
 N. For 
determination of N for five out of six lab duplicate cottonwood samples, relative percent 
difference was < 1%. Relative percent difference for the sixth pair of lab duplicate samples 
was > 20%. The N value from this sixth lab duplicate was very consistent with those 
measured for other plants sampled from the same reservoir site, so the lab duplicate value 
was accepted in place of the value measured for the original sample. 
 Reliability of ICP-MS analyses was evaluated using sample digestion blanks and 
SRM 1515, certified elements of interest including Al, Ba, Cd, Ca, Cu, Fe, K, Mg, Mn, Mo, 
Na, Ni, P, V, and Zn, and non-certified elements of interest including Co and Cr (Reed 
1993). All samples, including digestion blanks and SRM 1515, were measured in 
quintuplicate for validation of analytical precision, and blank-corrected values were reported 
and used for statistical analysis. Limits of detection and quantification were calculated as 
three and ten times the standard deviation of the blank, respectively, for each element 
analyzed. Foliar elemental concentration values determined by ICP-MS were < 10% RSD 
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(for quintuplicate sample measurements) for all nutrients with the exception of P and Mo, for 
which values were < 15% RSD and 20% RSD, respectively. 
 Standard Reference Material 1515 certified values and lab quality control sample 
values determined by ICP-MS are reported in Appendix Tables A through C. Values 
measured for nutrients in SRM 1515 quality control samples ranged from 63% to 93% of 
certified values, while measured values for non-nutrients ranged from 49% to 92% of 
certified values. All cottonwood samples contained detectable levels of Mo, but the majority 
of Mo values were below the limit of quantification (Appendix Table B). Because Mo could 
not be determined with analytical precision, it was not included in any statistical analyses. 
Foliar concentration values for non-nutrients that were measured in this study are reported in 
Appendix Table D. 
 To assess potential contamination arising from use of the sample mill, one SRM 
sample was processed through the mill during homogenization of cottonwood leaf samples. 
The Ni concentration determined for the homogenized SRM sample was four times higher 
than the certified value and five times higher than the value determined for the unmodified 
SRM sample (Appendix Table B). It is possible that this sample homogenization procedure 
may have resulted in inaccurate Ni values, but as foliar Ni concentrations were not reported 
in the Populus literature, the validity of these values was not assessed further. 
3.5 Statistical Analysis 
 Microsoft Excel (version 2013) was used for all data management in this study, and R 
(version 3.1.2; Sarkar 2008, R Core Team 2014) was used for all statistical analyses and 
plotting. 
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3.5.1 Analysis of Variance 
 For each nutrient, a single-factor analysis of variance (ANOVA) was used to compare 
the four microenvironments (fine-grained and coarse-grained sediments, prodelta, and 
adjacent forest). The approach of using multiple single-factor ANOVAs is consistent with 
previous cottonwood foliar nutrient studies (Shelton et al. 1981, McLennan 1990). For 
statistical analysis, site was the observational unit and the value for a site was determined as 
the average of values from saplings within the site. The goal of this study was to make 
inferences that extend beyond these specific sampling locations in order to achieve a broader 
understanding of foliar nutrient variability between microenvironments within the Lake 
Aldwell ecosystem. These specific sampling sites were selected based on their accessibility 
and because they fit the descriptions of the various microenvironments, but had other suitable 
sites been available and had resources permitted, other sampling sites could have been 
selected. Site was therefore considered as a random factor in the ANOVA model. 
 Levene’s tests were used to check the assumption of homogeneity of variances among 
microenvironments. If the Levene’s test p-value was < 0.1 for non-transformed data, as was 
the case for P and Mn, data were log10-transformed to reduce heterogeneity of variances prior 
to ANOVA. There were too few sampling sites to rigorously test the assumption of 
normality; for the purpose of ANOVA, it was assumed that the samples came from 
populations with normally-distributed nutrient concentrations. For nutrients with significant 
ANOVA results (p-value < 0.05), Tukey’s honestly significant difference (HSD) pairwise 
comparisons of treatment means were completed at the α = 0.05 level (Salehi et al. 2013). 
48 
 
 
3.5.2 Correlation Analysis 
 Correlation analysis was used to explore relationships between foliar nutrient 
concentrations and the environmental variables sediment moisture content and woody plant 
stem density. Twenty correlation tests were performed, one for each combination of nutrient 
and environmental variable. Correlation analysis was also used to quantify relationships 
between foliar nutrient concentrations. Forty-five correlation tests were performed, one for 
each combination of nutrients. All nutrient concentrations were log10-transformed to increase 
linearity, and Pearson product-moment correlation coefficients (Pearson’s r) and correlation 
test probabilities (p-values) were calculated and assigned significance at the α = 0.05 level. 
3.5.3 Statistical Errors 
 When conducting multiple statistical tests, several methods are routinely used to 
control family-wise error rate. Among them are the Bonferroni correction method, in which 
the family-wise error rate is divided by the number of tests in order to arrive at an adjusted 
test-wise α level, and the Dunn-Sidak method, in which the adjusted test-wise α level is a 
reflection of the probability of mistakenly rejecting the null hypothesis at least once for a 
given family of tests (Gotelli and Ellison 2013). Regarding the adjustment of α, Gotelli and 
Ellison (2013) suggest that, rather than systematically increasing the standard of evidence for 
each test conducted (which effectively penalizes studies involving multiple tests), raw p-
values should be reported and interpreted using some degree of common sense. 
 The ANOVA and correlation tests in this study were performed using an unadjusted 
test-wise error rate of α = 0.05 with the acknowledgment that doing so involved substantial 
inflation of the family-wise error rate. Out of the 75 hypotheses tested, 29 were rejected, 
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which is far more than the 5% alpha error rate. These results clearly indicate that the patterns 
observed are a product of more than random variability. 
3.5.4 Literature Value Comparisons and Growing-Season Estimates 
 The foliar N, P, K, Ca, and Mg concentrations from this study were compared with 
the general seasonal patterns in Populus foliage determined by compiling data from the 
literature (Tew 1970, Verry and Timmons 1977, Blackmon et al. 1979, Francis and Baker 
1981, Shelton et al. 1981, Killingbeck et al. 1990, McClennan 1990, Escudero 1992, Cusick 
2001, Brown and van den Driessche 2002, Coleman et al. 2006, Martín-García et al. 2012, 
Elferjani et al. 2013, Salehi et al. 2013, Ciadamidaro et al. 2014). These specific nutrients 
were selected for literature value comparisons because very few previous studies reported 
values for the other nutrients measured in this study. 
 Growing-season foliar N, P, K, Ca, and Mg concentrations were estimated from the 
late-season values measured in this study. Estimates were calculated based on repeat foliar 
macronutrient measurements of 43-yr-old Populus tremuloides, using values from growing-
season (July 30) and late-season (September 30) live leaves (Verry and Timmons 1977): 
[growing‐season estimate] = 
[late‐season measure](this study) ∗ (
[growing‐season measure](Verry and Timmons 1977)
[late‐season measure](Verry and Timmons 1977)
) 
 The estimated growing-season concentrations were qualitatively compared with 
optimal DRIS values for Populus (Leech and Kim 1981, René et al. 2013). 
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4.0 Results and Discussion, Part I: Within the Reservoir and Adjacent Forest 
4.1 Variation in Foliar Nutrients among Microenvironments 
 Foliar nutrient concentrations differ between microenvironments for macronutrients 
P, K, Ca, and Mg (Table 1) and for micronutrients Mn and Zn (Table 2). Within the 
reservoir, foliar P and K concentrations are higher at fine than coarse sites, while Ca follows 
the opposite trend. Foliar Mn is three times higher at fine and prodelta sites than at coarse 
sites. The forest has higher foliar Ca and lower P than fine sites (Table 1) and higher foliar 
Mg and Zn, but lower foliar Mn, than all reservoir microenvironments (Tables 1 and 2). 
TABLE 1. Mean foliar macronutrient concentrations of cottonwood saplings from four 
microenvironments at the dewatered Lake Aldwell reservoir, November 2014. 
 
†
n = number of sites per microenvironment 
‡
for nutrients with significant ANOVA p-values within a column, mean nutrient values not 
followed by the same letter are different (p-value < 0.05) as determined by 
Tukey's HSD pairwise comparisons 
§SD = √(pooled within-microenvironment variance) = √(MSE from ANOVA table) 
¶
p-value from statistical test on log10-transformed data 
*statistically significant ANOVA result (p-value < 0.05) 
  
Microenvironment n
†
N P K Ca Mg
Coarse Sediment 3 12.9 0.94
b‡
3.41
b
13.47
a
2.76
b
Prodelta 2 17.2 1.29
a,b
5.82
a,b
10.19
a,b
2.53
b
Fine Sediment 2 15.5 1.59
a
7.38
a
  8.17
b
2.58
b
Adjacent Forest 1 12.0 0.72
b
3.79
a,b
15.17
a
4.52
a
Standard Deviation (SD)
§
1.9 0.18 0.83 1.3 0.17
p-value
Levene's Test 0.172 0.329
¶
0.159 0.805 0.730
ANOVA 0.183 0.021*
¶
0.023* 0.023* 0.002*
Macronutrient (g kg
-1
)
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TABLE 2. Mean foliar micronutrient concentrations of cottonwood saplings from four 
microenvironments at the dewatered Lake Aldwell reservoir, November 2014. 
 
†
,
‡
,
§
,
¶
,*see Table 1 
 
 The foliar nutrient levels in Lake Aldwell cottonwood (Tables 1 and 2) are consistent 
with trends in the nutrient concentrations of local forest soils and sediments (Table 3). The 
higher foliar P concentrations at fine than at coarse sites are consistent with the greater P 
concentrations in fine than in coarse sediments of the upriver Lake Mills reservoir (Table 3). 
The higher foliar Ca and Mg in the adjacent forest than at fine sites are consistent with 
Olympic National Forest forest soils having higher levels of Ca and Mg than submerged fine 
sediments within the Lake Aldwell reservoir (Table 3). Both foliar (Tables 1 and 2) and 
substrate (Table 3) P and Mn are higher in the fine sediments than in the forest. In contrast, 
foliar Zn concentrations are elevated in the adjacent forest relative to the fine sediments 
(Table 2), but Zn levels are similar in forest soils and the submerged fine reservoir sediments 
(Table 3). Foliar N is no different between fine and coarse sediments in Lake Aldwell, but 
substrate N is higher in fine than in coarse sediments at Lake Mills (Table 3). 
  
Microenvironment n
†
Fe Mn Zn Cu Ni
Coarse Sediment 3 67.6 211
b‡
245
b
4.77 34.0
Prodelta 2 76.0 596
a
174
b
6.56 45.1
Fine Sediment 2 58.4 635
a
149
b
5.53 38.4
Adjacent Forest 1 76.5 71
c
487
a
4.55 23.2
Standard Deviation (SD)
§
13.5 110 36 1.07 11.9
p-value
Levene's Test 0.112 0.180
¶
0.685 0.204 0.534
ANOVA 0.601 0.003*
¶
0.006* 0.376 0.544
 Micronutrient (mg kg
-1
)
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TABLE 3. Nutrient concentrations of local forest soils and reservoir sediments. 
 
†
data from Cavaliere and Homann (2012) 
‡
extractants used: NH4F for P; NH4OAc for K, Ca, Mg; DTPA for Mn, Zn, Cu 
§
data from Chenoweth et al. (2011) 
¶
data from Werner (2014); mean values from the current study’s fine-sediment sites (Chhaya 
Werner, University of California, Davis, personal communication) 
*data from Henderson et al. (1989), as cited in Chenoweth et al. (2011) 
 
 The adjacent forest site shares similarities with the coarse-sediment reservoir sites in 
that foliar P is lower in both of these microenvironments than at fine-sediment sites (Table 
1). The causes for these lower levels of P, however, are likely different. Phosphorus 
availability in the coarse reservoir sediments is presumably limited by the rate at which P is 
weathered from minerals; in the coarser-textured substrates, less surface area is accessible to 
weathering than in the fine sediments, resulting in lower P availability for plants (Vitousek 
1999). Also, fine Elwha River sediments have three times as much oxalate-extractable Fe as 
coarse sediments (Cavaliere and Homann 2012), and P sorption is highly correlated with 
oxalate-extractable Fe + Al (Binner et al. 2015). Phosphorus released to the soil solution 
from the sorbed P pool may have been taken up (Wang et al. 2012, Binner et al. 2015) by 
cottonwood, potentially explaining higher foliar P levels in the fine sediments. In the forest, 
Total Organic Ca-bound Fe-bound
Substrate Location N
Coarse sediment
†
Mills pre-removal 460 52 257 82
Fine sediment
†
Mills pre-removal 710 83 315 101
Soluble
P K Ca Mg Mn Zn Cu
Fine sediment
§
Aldwell pre-removal 12.0 19 3.1 0.5 66 0.83 2.8
Fine sediment
¶
Aldwell post-removal 8.5 35 - - - - -
Forest (minimum)* Olympic Nat’l. Forest 7.4 61 4.0 0.4 30 0.78 1.1
Forest (maximum)* Olympic Nat’l. Forest 9.2 83 10.0 2.3 31 0.84 1.4
---------------- (mg kg
-1
) ----------------
--------------------------- Extractable
‡
 ---------------------------
--- (mg kg
-1
) --- --- (cmolc kg
-1
) --- ----------- (mg kg
-1
) -----------
--------------- P ---------------
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competition between plants – as opposed to the physical and chemical characteristics of the 
substrate – is likely limiting P availability. 
 Plant growth in early successional environments is generally limited by low levels of 
N in the substrate (Walker and Syers 1976). However, in contrast to foliar P, foliar N does 
not vary significantly between Lake Aldwell microenvironments. This suggests that plants 
are deriving N from sources other than the substrate. While the growth substrate serves as the 
principal source of plant P, several atmospheric inputs may be contributing to plant N 
content. It has been demonstrated that Populus trichocarpa clones inoculated with 
diazotrophic endophytes – N2-fixing microorganisms that live within plant tissue – exhibit a 
positive growth response and an increase in total plant N content (Knoth et al. 2014). 
Nitrogen fixation may be occurring in these cottonwood, resulting in higher N supply 
independent of substrate composition. 
 Increases in N deposition from industrial and agricultural processes in recent decades 
(Galloway et al. 2003, Morier et al. 2008) suggest that forests near urban areas are becoming 
saturated with biologically-reactive N (Chen et al. 2010). In forests of Pacific Northwest 
Washington, wet deposition of NO3
-
 and NH4
+
, as well as deposition of biologically-reactive 
atmospheric N in the form of NH3 and NOx gases, has been increasing since 1980 (Fenn et al. 
2003). Wet deposition of N compounds was found to be significantly lower in Olympic 
National Park than at urban sites in Washington and Oregon (Fenn et al. 2013). Nonetheless, 
the Elwha River forest ecosystem may be enriched in biologically-reactive atmospheric N 
species generated from emissions from marine vessel traffic in the nearby Strait of Juan de 
Fuca (Fenn et al. 2013) and from regional industrialized areas. 
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Direct foliar uptake of biologically-reactive atmospheric N has been shown to 
account for up to 50% of foliar N content in Populus tremuloides (Nave and Curtis 2011). At 
Lake Aldwell, canopy uptake of atmospheric N inputs may constitute a significant source of 
N to cottonwood. Root uptake of NO3
-
 and NH4
+
 deposited to the substrate from the 
atmosphere may also be substantial (Fenn et al. 2013, Wei et al. 2014). These potential 
sources of plant N may help to explain why foliar N was not different among Lake Aldwell 
microenvironments, whereas foliar P varied significantly. 
4.2 Foliar Nutrient Correlations with Environmental Variables 
 Lake Aldwell reservoir microenvironments are distinctly divided into two clusters 
with respect to sediment moisture content: a low-moisture group of coarse-sediment sites and 
a higher-moisture group of prodelta and fine-sediment sites (Figure 2). The foliar 
concentrations of several nutrients track this trend: sediment moisture content is positively 
correlated with foliar P, K, and Mn and negatively correlated with foliar Ca and Zn (Figure 
2). With the exception of Zn, these results are consistent with the results from ANOVA 
(Tables 1 and 2), which indicate that fine sites have higher foliar P, K, and Mn, and lower 
foliar Ca, than coarse sites. 
 The relative ordering of sites with respect to sediment moisture content (Figure 2) is 
consistent with their qualitative classification as coarse, prodelta, and fine sediment sites, 
indicating that these sampling sites are categorized correctly by their textural characteristics. 
Sediment moisture content generally correlates positively with nutrient retention (Brady and 
Weil 2009) and may be a good indicator of relative foliar nutrient levels. It is possible that 
higher foliar K and Mn in the higher-moisture fine sediments are a function of better 
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retention of these nutrients on the surfaces of clay particles, making them more available for 
plant uptake. Kubota et al. (1970) found that variability in foliar Mn in deciduous trees was 
due partly to soil drainage effects, foliar Mn in well-drained soils being significantly lower 
than in soils that retained more moisture. Lower foliar Mn in the better-drained coarse 
sediments is consistent with this explanation. 
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Figure 2.  Correlation plots comparing sediment moisture content with log10-transformed 
mean foliar nutrient concentrations for reservoir cottonwood saplings from n = 7 
sites spanning 3 microenvironments within the dewatered Lake Aldwell reservoir 
sediments, November 2014. Only significant correlations (p-value < 0.05) are 
shown. 
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 Water availability may interact with principles of nutrient translocation to explain 
some of the foliar nutrient differences observed between Lake Aldwell reservoir 
microenvironments. The correlation patterns based on sediment moisture serve to classify the 
nutrients into three distinct groups: those that correlate positively with sediment moisture (P, 
K, and Mn), those that correlate negatively (Ca and Zn), and those for which no correlation is 
observed (N, Mg, Fe, Cu, Ni). These nutrient groupings share little overlap with those 
proposed by either Garten (1978) or Zhang et al. (2012) but share some overlap with those 
found by McClennan (1990) (see Sections 2.1.4 and 2.1.5). Specifically, foliar concentrations 
of Ca and Zn, which were part of the set of immobile elements (McClennan 1990), are 
negatively correlated with sediment moisture in the Lake Aldwell reservoir (Figure 2). The 
opposite is true for phloem-mobile elements P and K. 
 In the coarse sediments, which are dryer than the other reservoir sediments (Figure 2), 
water stress may have induced the onset of leaf senescence earlier in the season, thereby 
accelerating the leaf-aging process in the saplings growing there (Marschner 2012). If this is 
the case, the observed differences in foliar nutrients between these microenvironments may 
be a result of sampling leaves from different stages of senescence and may not be an 
indication of differential nutrient availability. Immobilized in the plant cell walls (Larcher 
1975), Ca would have accumulated in the foliar tissue and remained concentrated even as 
foliar P and K were reabsorbed via phloem-loading (Marschner 1986, Jones 2012). These 
resorption patterns would explain the observed lower levels of foliar P and K, and higher 
levels of foliar Ca, in the coarse sediments compared to those in the fine sediments (Table 1). 
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 When foliar nutrient levels are plotted as a function of stem density (Figure 3), Lake 
Aldwell reservoir sites cluster in the same pattern – with the exception of one coarse site – as 
observed for sediment moisture content (Figure 2). Both sediment moisture content and stem 
density are positively correlated with foliar Mn and negatively correlated with foliar Zn, but 
no other consistent patterns emerge between the two variables. 
 Most of the foliar nutrients measured are not correlated with stem density. The 
distribution of cottonwood saplings at Lake Aldwell reservoir sampling sites was determined 
by conditions present at the time of seed dispersal (Braatne et al. 1996). Later in the 
successional process, intraspecific competition for nutrients and water (Walker and del Moral 
2003) will likely result in competitive exclusion in these cottonwood stands, at which point 
additional negative correlations between stem density and foliar nutrients, such as that 
observed for Zn, may be detected. Whether or not nutrients are limiting, at this stage in 
ecological succession it is still too early for nutrient availability to have had any measurable 
effect on the density of cottonwood at these sites (Joshua Chenoweth, Olympic National 
Park, personal communication). 
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Figure 3.  Correlation plots comparing stem density with log10-transformed mean foliar 
nutrient concentrations for reservoir saplings from n = 7 sites spanning 3 
microenvironments within the dewatered Lake Aldwell reservoir sediments, 
November 2014. Only significant correlations (p-value < 0.05) are shown. 
 
4.3 Correlations among Foliar Nutrients 
 Of the 45 pairs of nutrients, 16 pairs are correlated when all 8 sampling sites are 
considered (Table 4). The majority of significant correlations are positive, including all of 
those involving N. When only the reservoir sampling sites are evaluated, only 11 pairs of 
nutrients are correlated. This indicates that the forest site exerts a disproportionate influence 
on the strength of 5 of the correlations. This is especially the case for correlations between 
Mg and Mn and between Mg and Zn, nutrients which are found at different foliar 
concentrations at the forest site than at all sites within the reservoir (Tables 1 and 2). 
  
60 
 
 
TABLE 4. Results from pairwise nutrient-nutrient correlation tests yielding p-value < 0.05 
when the forest site is included. Tests were performed on log10-transformed mean 
foliar nutrient concentrations of cottonwood saplings from the dewatered Lake 
Aldwell reservoir, November 2014, including (left, n = 8 sites) and excluding 
(right, n = 7 sites) data from the forest site. 
 
†
n = number of sites 
‡
indicates non-significant correlation (p-value > 0.05) when forest site is excluded 
 
 Most of the correlations observed between foliar nutrients in Lake Aldwell 
cottonwood are consistent with those reported in previous studies, and many have 
explanations based on plant physiology. Foliar N, P, and K are all positively correlated with 
each other (Table 4), consistent with the overall pattern for these nutrients observed by 
Nutrient Pair Pearson's r p-value Pearson's r p-value
N-Cu 0.92 0.001 0.92 0.004
N-Ni 0.90 0.002 0.88 0.008
P-K 0.89 0.003 0.95 0.001
N-P 0.83 0.011 0.79 0.035
P-Mn 0.83 0.011 0.73 0.065
‡
Mg-Zn 0.83 0.011 0.36 0.427
‡
Cu-Ni 0.80 0.016 0.79 0.033
N-K 0.77 0.025 0.76 0.047
Ca-Zn 0.76 0.030 0.72 0.071
‡
K-Mn 0.72 0.045 0.82 0.025
P-Ca -0.91 0.002 -0.89 0.008
Mn-Zn -0.91 0.002 -0.78 0.037
K-Ca -0.85 0.008 -0.86 0.014
Ca-Mn -0.84 0.009 -0.81 0.026
Mg-Mn -0.84 0.010 -0.66 0.111
‡
P-Zn -0.83 0.011 -0.74 0.059
‡
With Forest Site (n
†
 = 8) Without Forest Site (n
†
 = 7)
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Zhang et al. (2012) in their analysis of an expansive collection of plant species. Potassium is 
essential for the activation of enzymes that catalyze protein synthesis (Ranade-Malvi 2011), 
and P is a component of nucleic acids (Marschner 1986). This could also explain why the 
concentrations of these nutrients are positively correlated with N, a structural component of 
both proteins and nucleic acids (Marschner 1986). 
 Plant growth is highly dependent on N availability; positive correlations between N 
and P, K, Cu, and Ni (Table 4) could be an indication that N-stimulated growth is causing 
increased nutrient demand and uptake in order to support the production of new cellular 
tissue (Fageria 2001). Alternately, higher P (Fageria 2001) or Cu (Ranade-Malvi 2011) in the 
soil solution may be enhancing plant uptake of N. Another explanation for the strong 
correlation between foliar N and Cu (Table 4) is that Cu may be catalyzing N2 fixation 
(Salisbury and Ross 1969 [as cited in Garten 1978]), which may be occurring in Lake 
Aldwell cottonwood through associations with diazotrophic endophytes (Knoth et al. 2014). 
 The strong positive correlation that exists between Mg and Zn when forest foliar 
nutrient data is included disappears when that site is excluded from the analysis (Table 4). In 
other studies that describe nutrient interactions (Fageria 2001, Ranade-Malvi 2011), 
interactions between Mg and Zn are not reported. Foliar Mg and Zn are both significantly 
higher in the adjacent forest than in all Lake Aldwell reservoir microenvironments. It seems 
that this correlation is solely a result of the high forest values and is likely not well explained 
based on the physiological functions of these nutrients in plants. 
 Zhang et al. (2012) found positive correlations between the majority of foliar 
nutrients analyzed, with the exception of Mn, which was negatively correlated with N, P, K 
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and Ca. Positive correlations observed within Lake Aldwell reservoir sites between foliar P 
and Mn and between K and Mn (Table 4) are inconsistent with these findings, but the 
correlation between K and Mn may have a physiological basis. A positive interaction 
between K and Mn has been reported (Ranade-Malvi 2011), and although Garten’s (1978) 
analysis did not detect a positive correlation between K and Mn in several plant species, it 
was found that these nutrients were grouped into a distinct set characterized by their roles in 
the activation of plant enzymes (Garten 1978). For example, K is involved in the stimulation 
of over 50 enzymes, including pyruvate kinase, which is of central importance for 
carbohydrate metabolism. Manganese is a component of superoxide dismutase enzymes, 
which protect plant tissue from the damaging effects of oxygen free radicals (Marschner 
1986). 
 In Garten’s (1978) study, Mn was also grouped with Ca and Mg in a set of nutrients 
that serve structural functions in the plant cell: Ca is a component of the cell wall, Mg is the 
central coordinating ion in chlorophyll, and Mn is a structural element in the membrane 
system of chloroplasts (Salisbury and Ross 1969 [as cited in Garten 1978]). Given this 
grouping, the negative correlation between foliar Ca and Mn at Lake Aldwell sites is 
somewhat surprising; if both of these nutrients serve structural functions in the cell, it seems 
that they would be positively correlated at any given time of year even as the leaf goes 
through different stages of growth. 
 In crop plants, high levels of Zn have been shown to reduce uptake of Mn from the 
soil solution (Fageria 2001, Ranade-Malvi 2011) which could explain the negative 
correlation between these nutrients in Lake Aldwell cottonwood (Table 4). The negative 
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correlation observed between foliar P and Zn in reservoir cottonwood may indicate that 
higher substrate P at some sites is inhibiting plant uptake of Zn (Ranade-Malvi 2011), as has 
been observed previously in Populus and which resulted in growth stunting, as well as 
cupping and scorching of younger leaves (Teng and Timmer 1993). The negative correlation 
between K and Ca could be due to several factors: K and Ca often compete for the same 
cation exchange sites in plants, and translocation of Ca to the leaf is reduced with lower 
levels of K (Ranade-Malvi 2011). 
4.4 Effects of Sapling Age and Size 
 This analysis may be confounded by differences in the ages and sizes of the saplings 
sampled at the Lake Aldwell reservoir. The fine sites are located on the valley walls, at 
higher elevation than the other reservoir sites; these sediments were exposed earlier during 
the process of reservoir drawdown, and the saplings growing there are older. Saplings at the 
fine sites were 3 yr old, as were the majority of saplings at prodelta sites, while there were 
both 2- and 3-yr-old saplings at the coarse reservoir sites. The ages of the adjacent forest 
saplings were not determined. The fine-sediment and prodelta saplings were on average 
twice as tall as those growing in the coarse sediments (Table 5). 
 In these young, rapidly-developing plants, small differences in age could mean 
differences in nutrient utilization (Braatne et al. 1996), which could influence foliar nutrient 
levels. In plantation-grown eastern cottonwood (Populus deltoides Bartr.), Francis and Baker 
(1981) found a consistent decrease in annual height growth over the first four years of plant 
development, and annual diameter-at-breast-height growth peaked during the second year. 
They attributed these decreases in growth to the limited supply of available moisture in the 
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well-aerated upper 75 cm of soil. Krinard (1979), who compared growth in both pruned and 
unpruned plantation cottonwood, found that diameter growth peaked in the third year for 
pruned trees and in the fourth year for unpruned trees but detected minimal differences in 
height growth in the second through fifth years of plant development. 
TABLE 5. Mean dimensions of cottonwood saplings, and mean stem densities of 
surrounding woody plants, from four microenvironments at the dewatered Lake 
Aldwell reservoir, November 2014. Plant diameter was measured at 5 cm above 
ground and stem density of surrounding woody plants was measured based on a 
variable-density radius from 1 to 5 m. 
 
†
n = total number of saplings measured 
 
 Differences in plant age, and associated differences in growth rates, may have 
implications for foliar nutrient accumulation. In plantation cottonwood, live-leaf foliar N and 
K concentrations decreased from the first to the fourth year of development, foliar P and Ca 
showed no significant change, and foliar Mg increased (Francis and Baker 1981). Although 
Lake Aldwell cottonwood sapling height was measured in this study, plant growth was not. It 
could be the case that sediment moisture availability, which is of critical importance for 
young cottonwood development (Braatne et al. 1996), is influencing these plants’ growth 
rates. Lower nutrient concentrations, often interpreted as an indication of nutrient limitation, 
could be a result of growth dilution (Flückiger and Braun 2003) if measured in larger, older 
Plant Height Plant Diameter Stem Density
Microenvironment n
†
(m) (mm) (stems m
-2
)
Coarse Sediment 12 1.8 19 5
Prodelta 8 4.7 24 17
Fine Sediment 8 3.6 19 14
Adjacent Forest 2 1.9 10 -
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plants. It is difficult to disentangle the possible effects of the variables plant age and height, 
which were not considered in this study’s statistical analyses.  
66 
 
 
5.0 Results and Discussion, Part II: Literature Value Comparisons 
5.1 Seasonal Variation in Foliar Nutrient Values 
5.1.1 Patterns in Literature Values 
 Substantial seasonal variation in foliar nutrient levels is evident from values reported 
in previous studies of Populus species (Figure 4 and Table 6). Two factors that significantly 
influence foliar nutrient concentrations are environmental contamination, such as that arising 
from mining (Pietrzykowski et al. 2013) and toxic waste spills (Ciadamidaro et al. 2014), and 
fertilization (Leech and Kim 1981, Elferjani et al. 2013) of substrates in which plants are 
growing. In order to avoid obscuring natural seasonal trends in foliar nutrient levels, Figure 4 
does not include data from plants growing in either contaminated or nutrient-amended 
substrates. 
 The seasonal trends (Figure 4) are generally consistent with basic principles of 
nutrient mobility. Being quite mobile, N, P, and K decrease in concentration after the peak of 
the growing season as they are reabsorbed into plants’ stemwood and roots (Niinemets and 
Tamm 2005). The opposite is true for Ca and Mn, which are not mobile in the phloem and 
therefore accumulate in the foliar tissue as they are deposited throughout the season (Reuter 
et al. 1997). 
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Figure 4.  Foliar nutrient concentrations of Populus species as reported in the literature for 
plants growing in non-fertilized, non-contaminated substrates, and mean foliar 
nutrient concentrations of cottonwood saplings from four microenvironments at the 
dewatered Lake Aldwell reservoir, November 2014. Values are arranged left to 
right in order of sampling month. All literature values were measured in live leaves 
except for those labeled as senesced, which were measured in freshly-fallen leaves 
sampled in either October or November. References for all literature values 
plotted, and descriptions of corresponding plant populations and sampling 
timeframes, are reported in Table 6. 
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TABLE 6. Previous studies of Populus in diverse substrate environments, divided by stand 
type and ordered by first month of sample collection and then by plant age(s). 
Foliar nutrient values reported from non-fertilized, non-contaminated substrates in 
these studies are displayed in Figure 4. Table continued on following page. 
 
Stand Type (Plant Age(s) (yr))          
Location
Substrate Description(s)
Reference Plant Species Sampled
Plantation (43)          P. tremuloides   ("trembling aspen")
North Central Minnesota, MN
Well-drained fine-sandy loam soil
Verry and Timmons (1977)
Plantation (1)          P. trichocarpa  Torr. & Gray
Duhumal and Duparquet, Quebec, Canada × P. balsamifera  L.
45% clay soil, 70% clay soil P. balsamifera  × P. maximowiczii  Henry
Elferjani et al. (2013)
Plantation (4, 5, 6, 7)          P.  deltoides × P.  nigra
Oklee, MN
Fine-sandy loam soil, sandy-clay loam soil
Coleman et al. (2006)
Plantation (11)          P. deltoides  Bartr. ("eastern cottonwood")
Stoneville, MS
Alluvial silty-loam soil
Blackmon et al. (1979)
Plantation (20)          P. caspica  Bornm. ("Persian poplar")
Guilan Province, Iran P. canadensis  × ("Triplo")
Fine alluvial silty-loam soil P. canadensis  × ("I-45/51")
Salehi et al. (2013)
Plantation (1)          P.  trichocarpa  Torr. & Gray
Qualicum Beach, BC, Canada × P.  deltoides  Bartr. ex Marsh.
Marine-sediment-derived soil P.  trichocarpa  × P.  maximowiczii  A. Henry
Brown and van den Driessche (2002)
Plantation (4, 6, 9, 12, 15, 16)          P. deltoides  Bart. ("eastern cottonwood")
Lower Mississippi River Valley, AR and MS
Alluvial soil, drainage of loessial bluffs
Shelton et al. (1981)
Plantation (1, 2, 4)          P. deltoides  Bartr. ("eastern cottonwood")
Stoneville, MS
Recently-cleared clayey soil
Francis and Baker (1981)
Plantation (3-7, 8-14)          P. deltoides  Bartr. × P. nigra L.
Duero River Basin, Castilla y León, Spain
Fluvial terrace soil, alluvial terrain soil
Martín-García et al. (2012)
Plantation (4-15)          P. tremuloides  Mich. ×
West Kingston, RI
-
Killingbeck et al. (1990)
Month(s) of   
Sample Collection
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TABLE 6. Continued from previous page. 
 
 
 Foliar concentrations of Fe, Zn, and Cu, nutrients with intermediate to low mobility, 
are especially variable during the summer months, and no consistent seasonal trends are 
distinguishable (Figure 4). In Populus, Verry and Timmons (1977) reported seasonal foliar 
accumulation of Fe and Cu, while Killingbeck et al. (1990) reported resorption of Cu and 
accumulation of Fe only. It is unclear whether the lack of a strong pattern in the broader 
collection of literature values is due to highly variable nutrient concentrations or to the 
absence of underlying seasonal patterns. 
 Verry and Timmons (1977) also found that foliar Mg concentrations remained 
relatively constant throughout the summer. Being a fairly mobile nutrient, Mg would be 
Stand Type (Plant Age(s) (yr))          
Location
Substrate Description(s)
Reference Plant Species Sampled
Natural (-)          P. nigra  L. ("black poplar")
Central Spain
-
Escudero (1992)
Natural (-)          P. tremuloides   ("trembling aspen")
Logan, UT
High elevation canyon
Tew (1970)
Natural (7)          P. trichocarpa  ("black cottonwood")
Fraser River Watershed, BC, Canada
Coastal alluvial soil
McClennan (1990)
Natural (19, 48, 73, 85, 100, 105, 108)          P. trichocarpa  ("black cottonwood")
Exit Glacier, Seward, AK
Deglaciated floodplain glacial outwash
Cusick (2001)
Natural (-)          P. alba  ("white poplar")
Guadiamar River Valley, Seville, Spain
Riparian sandy-loam soil
Ciadamidaro et al. (2014)
Month(s) of   
Sample Collection
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predicted to be present at lower foliar concentrations during and after leaf senescence. The 
lack of a seasonal pattern even in the late-season Mg literature values (Figure 4) is somewhat 
surprising and may be a consequence of the large degree of variation in the values reported, 
as well as the fact that the extent of Mg resorption is usually less than that of other nutrients 
(Reuter et al. 1997). 
 For any given nutrient, much variation exists within each sampling month, as shown 
in Figure 4. Some of this variation may be due to the fact that regional and even site-specific 
differences in growing season length (Verry and Timmons 1977) can influence the exact 
timing of plant development and senescence. For example, a 2- to 3-wk difference in leafing 
date has been observed even in immediately adjacent stands of trees (Tew 1970). Even if 
“month” were directly related to plant-growth stage regardless of location, this might be too 
long a time interval to be able to discern temporal nutrient patterns. With changes in nutrient 
utilization, and particularly due to resorption, foliar nutrient levels can change drastically 
even over the course of one month (Verry and Timmons 1977). 
 Previous work suggests that plant nutrient composition reflects environmental and 
plant physiological interactions (Garten 1978) and that differences in environmental 
conditions such as climate and precipitation may explain more foliar nutrient variability than 
that accounted for by differences due to species (Zhang et al. 2012). Therefore, while some 
of the variation observed in Figure 4 is likely due to differences in plant characteristics such 
as species and age, environmental factors and substrate characteristics such as water and 
nutrient availability are likely driving most of the variability. Considering that the nutrient 
values compiled here were measured in many different Populus species growing under 
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relatively diverse climate and nutrient regimes (Table 6), the seasonal patterns that emerge 
for several of the nutrients are still remarkably clear. That such trends are manifested in this 
assemblage of values is an indication of strong seasonal nutrient regulation within Populus 
and also confirms that timing of foliar sampling is of central importance to interpretation of 
foliar nutrient values. 
5.1.2 Values Measured in Lake Aldwell Microenvironments 
 Foliar concentrations of the majority of nutrients measured in Lake Aldwell reservoir 
and adjacent forest cottonwood are consistent with what would be expected based on the 
seasonal trends in foliar nutrient levels reported in other Populus studies (Figure 4). Lake 
Aldwell foliar N, P, and K values are lower than the majority of those reported in the 
literature; as Lake Aldwell cottonwood were sampled late in the season, these low values are 
consistent with the well-reported seasonal decrease of these generally well-reabsorbed 
nutrients (Tew 1970, Verry and Timmons 1977, Niinemets and Tamm 2005, Liu et al. 2014). 
 Foliar Ca and Fe values measured in this study are lower than the majority of the 
literature values that were measured earlier in the season for live leaves, and, for Ca, 
substantially lower than the senesced-leaf literature values (Figure 4). Calcium (Tew 1970, 
Verry and Timmons 1977, Reuter et al. 1997) and Fe (Verry and Timmons 1977, Killingbeck 
1990, Reuter et al. 1997) have been found to accumulate in leaf tissue throughout the season; 
the fact that foliar concentrations of these nutrients at Lake Aldwell are comparatively so low 
even at the end of the season indicates that plant uptake of Ca and Fe may be low at Lake 
Aldwell. Because of the wide range in foliar Mn and Zn values measured at Lake Aldwell, it 
is difficult to determine whether or not these values are consistent with the seasonal increases 
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in these nutrients as reported by Verry and Timmons (1977) and as indicated by the general 
trend in the plotted literature values (Figure 4). 
 Seasonal trends explicitly reported for foliar Cu levels are inconsistent in the 
literature, and no clear trends arise from the array of literature values plotted (Figure 4). 
Despite this, that foliar Cu at Lake Aldwell is at the very low end of the range in literature 
values indicates that plant-available Cu may be low in the Lake Aldwell ecosystem. Seasonal 
trends in foliar Mg concentrations are also relatively inconsistent in the literature. Foliar Mg 
values measured in this study, including the high value measured in the forest, are all within 
the broad range in literature values, indicating that plant-available Mg is likely sufficient in 
all microenvironments. 
5.2 Optimal Foliar Macronutrient Values 
5.2.1 Growing-Season Concentration Estimates 
 Foliar N, P, and K concentrations measured at Lake Aldwell in November appear to 
be somewhat low and Ca and Mg somewhat high when compared with optimal nutrient 
ranges reported in the literature (Figure 5). Optimal ranges are derived from measurements of 
growing-season leaves, however, and this study measured late-season leaves. Foliar nutrient 
concentrations change naturally, and, for many nutrients, relatively predictably, throughout 
the season (Figure 4). The late-season values from this study were therefore adjusted to yield 
growing-season estimates (Figure 5) in order to make rigorous comparisons. 
 Foliar N, P, and K growing-season estimates are almost entirely encompassed within 
the optimal ranges (Figure 5). Foliar Ca estimates are within optimal ranges as well, and 
foliar Mg seems to be unchanged. Estimated foliar P from the forest site is slightly lower 
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than optimal, while estimated foliar Mg is higher. The two highest estimated N values exceed 
foliar N concentrations reported in any other studies of either natural (Figure 4) or fertilized 
(Figure 5) Populus. This suggests that these N estimates may be unrealistic and indicates that 
there is uncertainty associated with this method of estimating growing-season nutrient levels. 
 This method of estimating values has some inherent flaws. Plant age affects nutrient 
utilization (Jones 2012), so using nutrient values from mature plants to adjust for seasonal 
nutrient change in young Lake Aldwell saplings may have decreased the accuracy of the 
estimates. Although past studies (Baker and Blackmon 1977, Francis and Baker 1981, 
Killingbeck et al. 1990) have reported seasonal nutrient changes as percentages or percentage 
ranges of growing-season concentrations, it is possible that it may be more appropriate to 
estimate nutrient fluctuations based on changes in absolute nutrient content, perhaps using 
absolute masses of nutrients per unit surface area of leaf (Killingbeck et al. 1990). The use of 
percent changes, instead of absolute changes, to adjust nutrient values may have resulted in 
overestimates when reported seasonal nutrient changes were large and underestimates when 
reported fluctuations were small, as evidenced by the unreasonably high N estimates (Figure 
5). 
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Figure 5.  Foliar nutrient concentrations (top) and ratios (bottom) of Lake Aldwell P. 
trichocarpa saplings (this study) compared with optimal values from fertilized 
Populus species reported in the literature. For Lake Aldwell, the four points 
represent different microenvironments; late-season measurements were made in 
November 2014 and translated to growing-season estimates based on seasonal 
trends in Verry and Timmons (1977). Optimal upper and lower bounds for foliar 
nutrients in P. maximowiczii hybrids were determined based on plants that 
exhibited 90% of the maximum growth rate, measured by diameter at breast height 
(René et al. 2013); missing values were not reported in the referenced study 
because they could not be determined with an appropriate level of accuracy. 
Optimal values for P. deltoides were determined in greenhouse plants based on 
maximal stemwood production under different fertilization treatments (Leech and 
Kim 1981). The lowest K/Ca growing-season estimate data point represents over-
plotted values from coarse sediment and adjacent forest microenvironments. 
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5.2.2 Growing-Season Ratio Estimates 
 Given the various functions of nutrients in plants and the many ways that nutrients are 
known to interact, inspecting nutrient data through the lens of ratios can be informative. 
Because ratios change as a function of the concentrations of not one but two nutrients, 
however, interpretations of these values can be somewhat subjective. 
 With the exception of values from saplings in the fine sediments, estimated growing-
season foliar N/P and N/K ratios are higher than those reported as optimal (Figure 5) due to 
the over-estimated N concentrations. In mature leaves, it has been suggested that foliar N/P 
ratios of less than 14 indicate N limitation (Wei et al. 2015). By this standard, it does not 
appear that Lake Aldwell cottonwood saplings are N-limited (Figure 5), but since these 
values may be over-estimated, the interpretation is less clear. 
 Estimated foliar Ca/Mg ratios, between approximately 2 and 5, are within the optimal 
ranges (Figure 5). In foliage from several populations of naturally-established Populus, Tew 
(1970) measured consistent foliar Ca/Mg ratios of between 13 and 14 throughout the growing 
season, even as the absolute foliar concentrations of both elements increased. Plant uptake of 
Ca and Mg is not as highly regulated as that of N, P, and K, and the physiological 
implications of foliar Ca/Mg ratios are less clear than those of ratios between the other 
macronutrients (Bailey et al. 1997b). It seems that the large difference between optimal 
values (Figure 5) and those reported in natural Populus (Tew 1970) may be due to 
differences in substrate nutrient composition, Ca being taken up by plants in quantities far 
exceeding those required for optimal plant function. Due to this lack of regulation in plant 
uptake of specific nutrients, and considering the relatively large variability in reported 
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optimal Ca/Mg ratio values, interpretations of these ratios are somewhat ambiguous and may 
not be a useful parameter in assessing plant nutrition. 
 Foliar Ca and Mg are highest and foliar P is lowest in the adjacent forest compared to 
all Lake Aldwell reservoir microenvironments, yielding estimated P/Ca and P/Mg ratios that 
are lower than optimal (Figure 5). Estimated ratios between these foliar nutrients are also low 
in the coarse reservoir sediments (for P/Ca, the value is over-plotted in Figure 5). In the 
forest, estimated foliar P is only slightly lower than optimal; the substantially higher-than-
optimal estimated Mg value seems to be driving down the ratio. Like Ca/Mg ratios 
themselves, the physiological implications of low P/Ca and P/Mg ratios are difficult to 
determine (Bailey et al. 1997b). Highly variable resorption patterns for Mg (Figure 4), as 
well as possible Ca uptake in excess of plant requirements (Fageria 2001), also complicate 
the interpretation. 
 Nutrient ratio analyses are often cited (Bailey et al. 1997b, Flückiger and Braun 2003, 
Ranade-Malvi 2011) as being superior to those based on nutrient concentrations for revealing 
nutrient imbalances and for assessing nutrient limitation in plants. Conclusions reached in 
this study based on comparisons between estimated growing-season ratios and optimal ratios 
are somewhat equivocal, for several reasons. Most notably, for some nutrients there is more 
inter-species variability between the reported optimal ratios than between the individual 
nutrient concentrations themselves (Figure 5), making definitive conclusions difficult. 
Secondly, there is uncertainty associated with the estimation method. Lastly, it is especially 
difficult to interpret ratios between nutrients whose concentrations change in different 
directions over the course of the growing season, such as N and Ca (Verry and Timmons 
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1977), and whose relationship lacks specific physiological explanations, such as Ca and Mg 
(Bailey et al. 1997b). 
5.3 Interpretations and Implications 
5.3.1 Interpreting Lake Aldwell Reservoir Foliar Nutrients in Context 
 Optimal foliar nutrient concentrations reported in the literature (Figure 5) are defined 
empirically, based on values measured in the leaves of the most productive plants (Leech and 
Kim 1981). By this definition, plants whose foliar nutrient concentrations differ from optimal 
are nutrient-limited. Optimal nutrient ranges are calculated in a similar fashion, based on 
plants whose productivity is ±10% of maximal. In a plantation environment where plants are 
produced for biomass (Richards et al. 2010), this meaning of optimal, based on a relatively 
tight window of productivity, is appropriate. Nutrient imbalance may directly impact profit 
and must therefore be weighed against the financial costs of nutrient amendment. 
 The high degree of variability in foliar nutrient levels reported in the Populus 
literature, even for growing-season leaves, indicates that the nutritional composition of most 
plants is likely sub-optimal. This is especially the case for non-fertilized plants, but given the 
range in nutrient levels measured in plants growing under various fertilization regimes 
(Coleman et al. 2006, Elferjani et al. 2013), this seems to be true for plants in manipulated 
environments as well. None of the foliar nutrient values measured in Lake Aldwell are below 
minima reported in other studies of Populus growing in non-contaminated, non-fertilized 
environments (Figure 4). Based on these comparisons, Lake Aldwell plants seem to be 
nutritionally similar to other populations. Compared to optimal foliar nutrient levels 
measured in Populus in manipulated environments (Figure 5), however, Lake Aldwell 
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cottonwood nutrition may be less than ideal for the production of biomass. Regardless of 
how nutrient limitation is defined or assessed, the large degree of variability in the literature 
values complicates direct comparisons. 
 Many estimates of Lake Aldwell cottonwood growing-season foliar nutrient levels 
fall slightly outside of the optimal ranges reported in the DRIS literature (Figure 5). This 
does not indicate that these saplings lack nutrients in quantities sufficient for growth but 
rather that their growth could potentially be improved with specific nutrient amendments. 
The production of woody biomass itself, which serves various ecosystem functions when it 
eventually becomes large woody debris, may be important for the development of the 
dewatered riparian environment. For example, woody debris retains sediment (Helfield and 
Naiman 2001) and provides shade for plants (Chenoweth et al. 2011). In a study exploring 
the potential roles that wildlife may play in ecosystem restoration in dewatered Lake Mills, a 
disproportionate number of bird-dispersed seeds were found to have been deposited on large 
woody debris (McCaffery et al. 2015), indicating that woody structures specifically may 
facilitate natural plant regeneration in the Elwha River reservoirs. 
5.3.2 Implications for Ecosystem Rehabilitation 
 In regard to Lake Aldwell reservoir plant nutrition in the short term, comparisons of 
this study’s values to those reported in the literature yield several noteworthy results. Based 
on seasonal trends – both those reported explicitly in the literature and those observed in 
nutrient value plots (Figure 4) – it appears that availability of Ca, Fe, and Cu may all be low 
at Lake Aldwell. Out of the remaining nutrients studied, no other deficiencies are indicated 
by analysis of seasonal trends. Based on comparisons between growing-season estimates and 
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optimal concentrations (Figure 5), it appears that plant-tissue P and K levels may be slightly 
low in the coarse sediments and adjacent forest, but it is unclear which nutrient may be 
limiting; the ratio between these nutrients themselves is optimal. 
 Achieving maximal rates of biomass production is not the end goal of Elwha River 
ecosystem restoration; in the ecological context, plant nutrition must be viewed through a 
different lens. Nutrient imbalance or limitation – especially if only slight – has different 
implications in a recovering riparian forest environment than in a commercial plantation 
setting. In the Elwha River ecosystem, plant nutrition affects many trophic levels. Depressed 
rates of plant growth and increased susceptibility to infestation and disease (Flückiger and 
Braun 2003, Ranade-Malvi 2011) may inhibit revegetation of riparian areas, as soil 
development and plant succession may be slowed. This habitat is crucial for the maintenance 
of animal populations and species diversity (Walker and del Moral 2003) and for the stability 
of the landscape. 
 The nutrient content of foliage and twigs of woody plants, as well as nutrients in 
sedges, grasses, and forbs (Tew 1970), are important because of the multitude of herbivorous 
animals that depend on these plants for food. In the case of Populus, although grazing 
animals such as deer may not be able to reach most of the leaves of mature trees, leaves on 
ground-level suckers provide a substantial amount of biomass for browse (Tew 1970). 
Because the nutritional composition of these animals’ diets depends on the browse available 
to them, nutrient deficiencies in plants can manifest themselves as nutrient deficiencies in 
animals (Kubota et al. 1970). 
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6.0 Future Research 
6.1 Substrate Characterizations 
 This study did not determine the grain size distribution of sediment samples, nor were 
total or extractable nutrient concentrations measured. It was therefore not possible to quantify 
relationships between foliar nutrient levels and physical or chemical substrate parameters. 
 Substrate nutrient content and plant nutrient availability are highly variable between 
environments (Marschner 1986), and steep nutrient gradients often exist even at small scales 
(Walker and del Moral 2009). Determination of physical and chemical substrate parameters 
would clarify and strengthen the relationships observed in this study. Specifically, analysis of 
correlations between foliar and substrate nutrient concentrations would aid in distinguishing 
which of the observed patterns may directly reflect the nutrient composition of the growth 
medium. Many American river systems are affected by anthropogenic impacts such as 
pollution; the Elwha River ecosystem is located in a pristine forest where these effects are 
minimal (Duda et al. 2008). This is an ideal environment in which to carry out such analyses, 
which would enhance understanding of plant nutrient availability and nutrient cycling in a 
recently dewatered environment. 
6.2 Monitoring Over Time 
6.2.1 Seasonal Plant-Tissue Analyses 
 Due to seasonal nutrient resorption, this study’s analysis of foliar nutrient levels did 
not provide for robust comparisons of plant nutrition among Lake Aldwell 
microenvironments or between Lake Aldwell cottonwood and other Populus. Foliar tissue 
should be sampled throughout the year to provide a more sensitive indication of nutritional 
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status. In conjunction with foliar analyses, analyses of bud, stem, and root tissue would 
provide a comprehensive indication of tree nutrition at various stages of seasonal growth. 
6.2.2 Tracking of Plant Nutrition to Assess Succession 
 The Lake Aldwell reservoir sediment environment is in the preliminary stages of 
succession. A temporal, as opposed to strictly spatial, plant nutrient study would be 
informative. Data collected over the span of years would be useful for quantifying short- and 
long-term changes in plant nutrition, and associated changes in plant species community 
structure, in response to dam removal. A study tracking plant nutrient composition over time 
could address the following questions: 
Does year-to-year variability in growing-season nutrient levels decrease over time, 
and if so, how long does it take for these levels to stabilize? 
Do growing-season nutrient levels approach those found in the adjacent forest, or 
those reported to be optimal for biomass production, or some other values? 
How long does it take for competitive exclusion to occur, and do changes in plant 
density correlate to changes in plant nutrient levels? 
 In order to ensure consistency of data over time, as well as to enhance current 
research in the Elwha River ecosystem, plant-tissue and substrate sampling should be carried 
out in the permanent plots that have already been established within the dewatered Lake 
Aldwell and Lake Mills reservoirs (Chenoweth et al. 2011). As these sites change and 
develop over time, plant and substrate nutrient levels could be assessed alongside other 
parameters such as floral and faunal species diversities, and relevant correlations should be 
explored. In order to account for seasonal nutrient variation, plant-tissue and substrate 
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samples should be collected at consistent times during the spring, summer, and fall seasons. 
Plant and substrate nutrient levels within the dewatered reservoir sediments should be 
compared with those in the adjacent forest. 
6.2.3 Stable Isotope Studies 
 In addition to monitoring plant-tissue nutrient levels over time, it would be 
informative to specifically investigate isotopic enrichment of plant tissue. The Lake Aldwell 
ecosystem, along with all riparian environments above the Elwha Dam, were deprived of 
marine-derived nutrients for a century. As increasing numbers of anadromous fish return to 
the upper reaches of the Elwha River, the 
15
N/
14
N ratio of local flora will provide an 
indication of the extent to which marine-derived-nutrients are contributing to forest nutrition 
(Helfield and Naiman 2001). Within such a study, it would be interesting to measure 
temporal changes in isotopic enrichment with respect to distance from the river in order to 
determine how far from the river the marine isotopic signature is detectable and over what 
timescales significant changes in floral 
15
N/
14
N are observed. 
6.3 Quantitative Plant Nutritional Assessments 
 Because foliar nutrients in this study were measured in November long after the onset 
of leaf senescence, and due to the relatively small number of sampling sites, it was not 
deemed appropriate to calculate nutrient indices and to perform a rigorous, quantitative DRIS 
nutritional assessment of Lake Aldwell reservoir black cottonwood. Furthermore, the 
reliability of the DRIS depends on the use of reference values from the same species as that 
being assessed; such values specific to black cottonwood were not available in the literature. 
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 If foliar sampling were to take place during the peak of the growing season when 
nutrient values are directly comparable to reported optimal ranges, foliar nutrient values 
would provide a better indication of the extent to which nutrient limitation may potentially 
influence ecosystem recovery. The DRIS has been demonstrated to be effective in plant 
nutritional assessment. If DRIS reference values for black cottonwood were to be published, 
the DRIS could be used for a robust assessment of plant nutrition in the Lake Aldwell 
reservoir. 
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7.0 Conclusion 
7.1 Evaluation of Hypotheses 
 In this study, foliar micronutrient and macronutrient concentrations of Lake Aldwell 
reservoir black cottonwood were successfully determined and values were compared among 
sediment textures. Correlations between nutrient concentrations and environmental variables, 
as well as correlations among nutrient concentrations, were explored, and foliar nutrient 
values were compared to those reported in other populations of similar species. This study’s 
hypotheses are restated and evaluated here. 
1) Hypothesis: There will be variation among microenvironments due to 
differences in sediment texture. Specifically, there will be an inverse 
relationship between foliar nutrient levels and substrate grain size. Because 
the prodelta microenvironment is effectively a mixture of sediment textures, 
prodelta foliar nutrient concentrations will be intermediate between those 
measured in fine and coarse reservoir sediments. 
 In support of this hypothesis, sediment texture appears to have a significant influence 
on the foliar concentrations of some of the nutrients studied. Specifically, foliar Mn, K, and P 
are higher, and foliar Ca is lower, in fine than in coarse sediments (Tables 1 and 2). The 
hypothesized inverse relationship between foliar nutrients and substrate grain size is 
therefore supported for foliar Mn, K, and P. For all of the nutrients which vary significantly 
among microenvironments, the prodelta is never placed in a statistically unique group. 
Qualitatively speaking, foliar P, K, Ca, Mn, and Zn at the prodelta are between values 
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measured in the fine- and coarse-sediment microenvironments, indicating that prodelta foliar 
nutrients may indeed be intermediate. 
2) Hypothesis: There will be positive correlations with sediment moisture 
content because nutrient retention and moisture retention are influenced by the 
same physical and chemical controls. There will be negative correlations with 
stem density due to competition between plants. 
 Correlation analyses indicate positive relationships between sediment moisture and 
foliar P, K, and Mn concentrations, which supports this hypothesis. The negative 
relationships observed between sediment moisture and foliar Ca and Zn do not support this 
hypothesis. The hypothesized relationship between foliar nutrients and woody plant stem 
density is not observed. Stem density was determined by conditions present at the time of 
seed dispersal and colonization, not by competition between plants. 
3) Hypothesis: There will be positive correlations between nutrients that 
participate in similar functions in plants, because plants require nutrients in 
specified ratios and nutrient uptake is a regulated process. 
 In support of this hypothesis, foliar concentrations of N, P, and K are all positively 
correlated (Table 4). These macronutrients either are involved in protein synthesis or serve 
structural roles in organic compounds. Although plant availability of these nutrients may 
vary between sites, these correlation results indicate that the plant-tissue ratios of these 
nutrients remain relatively constant, meaning that uptake is controlled so as to achieve 
nutrient balance. Foliar N is also positively correlated with foliar Cu and Ni; no negative 
nutrient correlations with N are observed (Table 4). This could indicate that higher N supply 
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at some of the sites is causing increased uptake of micronutrients to meet the demands of N-
stimulated growth. 
4) Hypothesis: There will be substantial variation between values from this study 
and values from the literature because nutrient concentrations are influenced 
by numerous environmental controls. In general, however, nutrient values 
from this study will be lower than those in stands on other types of substrates, 
where nutrient availability is higher. 
 The majority of literature values from unfertilized Populus in naturally-established 
stands (Table 6) are from secondary successional environments (Cusick 2001) and stands 
growing on more well-developed soils (McClennan 1990, Ciadamidaro et al. 2014). In these 
environments, substantial accumulation of organic material and weathering of primary 
minerals would have resulted in higher nutrient accessibility in the substrate. The other 
literature values are from Populus in plantations (Table 6), where mechanisms of primary 
succession do not dictate nutrient availability but where nutrients would nonetheless be 
higher than in the recently dewatered Lake Aldwell environment due to accumulation and 
recycling of organic matter from previous generations of trees. 
 Taking into account seasonal nutrient resorption based on the timing of foliar 
sampling (Figure 4), foliar N, P, and K levels at Lake Aldwell are consistent with the 
literature. Although it seems that foliar Ca, Fe, and Cu are lower in Lake Aldwell cottonwood 
than in other Populus, this hypothesis does not have substantial support. 
5) Hypothesis: Many values from this study will be lower than those reported as 
optimal in fertilized populations of Populus due to nutrient limitation. 
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 Compared to reported optimal values, foliar N, P, and K are all low as measured at 
Lake Aldwell in November (Figure 5). The hypothesis lacks strong support, however, 
because after adjusting for nutrient resorption, the majority of nutrient estimates are 
encompassed within the range of optimal values. Notable exceptions are foliar estimates 
from the adjacent forest saplings, where P is lower than optimal and Mg is higher. The two 
high estimates of foliar N, from fine and prodelta microenvironments, are likely inaccurate as 
they fall outside of the range of N values reported in the literature for unfertilized Populus 
(Figure 4). The validity of the estimation approach is in question, and many of the nutrient 
ratio comparisons are relatively ambiguous because of the high degree of inter-species 
variability between reported optimal values. 
7.2 Nutrient Availability and Plant Succession 
 Although total N levels may vary among sediment textures in the Elwha River 
ecosystem, foliar concentrations measured in cottonwood provide no evidence that plant N 
availability differs among the four Lake Aldwell microenvironments studied. This indicates 
that cottonwood are obtaining N from atmospheric sources. Foliar and root uptake of 
biologically-reactive N from atmospheric deposition may be important means of N 
acquisition. Lake Aldwell cottonwood may also be obtaining a substantial quantity of N 
through associative N2 fixation. 
 Phosphorus is higher in cottonwood foliage at fine-sediment sites than at coarse-
sediment and forest sites. This pattern in foliar P is consistent with relative levels of P in 
substrates sampled prior to dam removal. At the coarse sites, the rate at which P can be 
weathered from the low-surface-area sediments is likely constraining P availability, whereas 
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competition between plants is likely limiting P availability in the forest. Due to their 
proximity to the forest edge, fine sediments may also have higher concentrations of 
mycorrhizal fungi than coarse sediments. In association with cottonwood, these fungi may be 
facilitating P acquisition. A significant quantity of forest-soil P may be contained within the 
bacterial population. In the absence of robust microbial food webs within the reservoir 
sediments, this reservoir of P is not yet as accessible to cottonwood. 
 Availability of Mg, Mn, and Zn may differ between Lake Aldwell reservoir sediments 
and the adjacent forest. This is indicated by differences in foliar concentrations as well as by 
inter-nutrient correlations involving these nutrients, many of which become much weaker 
with the exclusion of forest foliar nutrient data. With respect to Mg and Zn, differences 
detected in cottonwood foliage are in contrast with the relative levels of these nutrients 
previously measured in Elwha River reservoir sediments and forest soils. 
 For several of the nutrients analyzed, findings based on direct measurements of 
cottonwood foliar tissue are consistent with relative nutrient levels measured in Elwha River 
sediments. For some of the nutrients, however, this strong connection between substrate and 
foliar nutrient levels is absent, indicating the need to consider other factors that influence 
nutrient availability, such as atmospheric deposition, N2 fixation, substrate microorganisms, 
and water availability. 
 In the recovering Lake Aldwell sediments, ratios between N, P, and K – nutrients of 
central importance to the synthesis of new plant tissue – are balanced. Low foliar 
concentrations of Ca, Fe, and Cu indicate that plant availability of these nutrients may be 
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lower in the Elwha River sediments than on more well-developed substrates, but there is 
presently no overwhelming indication of substantial nutrient deficiencies. 
 In the dewatered Elwha River sediments, nutrient availability will change over the 
course of succession, as will the causes of nutrient limitation. The adjacent conifer forest, at a 
later successional stage than the reservoir sediments, provides an indication of one possible 
resource-supply trajectory. As the plant-P-limited coarse sediments are weathered, P 
availability will increase until it is eventually once again limited by plant competition. 
 This study of Lake Aldwell black cottonwood provides a snapshot in time of an early-
successional plant species equipped to survive in low-nutrient, drought-stressed 
environments. Following dam removal, other dewatered sediment environments will likely 
share these basic characteristics. At Lake Aldwell, substrate physical and chemical 
parameters do not necessarily indicate the degree to which cottonwood can access nutrients. 
Other plant species will access nutrients to different extents in different environments as 
well. 
 Nutrient availability will depend on site-specific mineralogical conditions and on 
species-specific physiological characteristics and mechanisms of nutrient acquisition. 
Although nutrient availability may not currently limit Elwha River ecosystem productivity to 
any considerable extent, it will be central in determining the composition of the plant 
community that develops and the rate at which riparian ecosystem function is restored. 
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Appendix 
TABLE A.  Certified and measured macronutrient concentration values for Standard 
Reference Material 1515 “Apple Leaves” determined by ICP-MS, as well as 
limits of detection and limits of quantification achieved in ICP-MS analysis. 
 
†
values from Reed (1993) 
 
TABLE B.  Certified and measured micronutrient concentration values for Standard 
Reference Material 1515 “Apple Leaves” determined by ICP-MS, as well as 
limits of detection and limits of quantification achieved in ICP-MS analysis. 
 
†
values from Reed (1993) 
  
Sample P K Ca Mg
Certified Value
†
1.59 ± 0.11 16.1 ± 0.2 15.26 ± 0.15 2.71 ± 0.08
Lab Quality Control (Unmodified)
Mean (n  = 1 sample) 1.19 12.59 10.7 1.75
Range 0.16 1.28 1.2 0.19
% of Certified Value 75.1 78.2 69.9 64.7
Lab Quality Control (Homogenized)
Sample Value (n  = 1 sample) 0.92 10.97 9.9 1.54
% of Certified Value
Limit of Detection (3 x SD of blank) - 0.002 0.031 0.001
Limit of Quantification (10 x SD of blank) - 0.007 0.105 0.003
Macronutrient (g kg
-1
)
Sample Fe Mn Zn Cu Ni Mo
Certified Value
†
83 ± 5 54 ± 3 12.5 ± 0.3 5.64 ± 0.24 0.91 ± 0.12 0.094 ± 0.013
Lab Quality Control (Unmodified)
Mean (n  = 1 sample) 52.7 37 11 4.44 0.7 0.087
Range 10.7 4 1 1.59 0.1 0.123
% of Certified Value 64 69 84 79 76 92
Lab Quality Control (Homogenized)
Sample Value (n  = 1 sample) 43.9 36 17 2.91 3.8 0.0
% of Certified Value
Limit of Detection (3 x SD of blank) 1.085 0.041 1.252 0.324 0.085 0.116
Limit of Quantification (10 x SD of blank) 3.617 0.138 4.173 1.081 0.284 0.386
 Micronutrient (mg kg
-1
)
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TABLE C.  Certified, noncertified, and measured non-nutrient-element concentration values 
for Standard Reference Material 1515 “Apple Leaves” determined by ICP-MS, 
as well as limits of detection and limits of quantification achieved in ICP-MS 
analysis. 
 
†
values from Reed (1993) 
 
TABLE D.  Mean foliar non-nutrient-element concentrations of cottonwood saplings from 
four microenvironments at the dewatered Lake Aldwell reservoir, November 
2014. 
 
†
n = number of sites per micronutrient 
‡
foliar elemental concentration value determined by ICP-MS was < 10% RSD for 
quintuplicate sample measurements 
§SD = √(pooled within-microenvironment variance) 
 
  
Sample Ag Al Ba Cd Co Cr Na V
Certified Value
†
- 286 ± 9 49 ± 2 0.013 ± 0.002 - - 24.4 ± 1.2 0.26 ± 0.03
Noncertified Value
†
- - - - 0.09 0.3 - -
Lab Quality Control (Unmodified)
Mean (n  = 1 sample) 2.00 142.3 36.37 0.01 0.1 0.15 16.7 0.12
Range 6.56 64.9 3.89 0.01 0.0 0.06 3.5 0.03
% of Certified Value - 49.8 74.2 91.7 - - 68.3 44.2
Lab Quality Control (Homogenized)
Sample Value (n  = 1) 0.38 115.7 32.50 0.03 0.1 0.22 14.8 0.09
% of Certified Value
Limit of Detection (3 x SD of blank) 0.470 2.211 0.116 0.038 0.021 0.078 1.592 0.026
Limit of Quantification (10 x SD of blank) 1.565 7.370 0.388 0.128 0.071 0.258 5.307 0.087
Element (mg kg
-1
)
Microenvironment n
†
Ag Al
‡
Ba
‡
Cd
‡
Co
‡
Cr Na
‡
V
Coarse Sediment 3 1.19 43.3 6.58 0.84 4.1 0.73 25.5 0.08
Prodelta 2 3.26 41.6 6.81 0.59 16.3 0.84 25.5 0.08
Fine Sediment 2 3.97 41.3 3.00 0.66 16.2 0.60 22.4 0.05
Adjacent Forest 1 0.77 65.7 4.66 0.89 3.4 0.59 21.2 0.12
Standard Deviation (SD)
§
1.51 7.3 0.98 0.21 4.7 0.25 3.4 0.01
Element (mg kg
-1
)
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TABLE E.  Correlation coefficients (Pearson’s r, matrices’ upper rights) and p-values (P, 
matrices’ lower lefts) from correlation tests on log10-transformed foliar nutrient 
data from cottonwood saplings at the dewatered Lake Aldwell reservoir, 
November 2014. Values in the top matrix are from tests performed on all nutrient 
data (n = 8 sites) and values in the bottom matrix are from tests performed on 
data excluding foliar nutrient values from the forest (n = 7 sites). 
 
 
  
logN 0.83 0.77 -0.67 -0.49 -0.32 0.65 -0.57 0.92 0.90
0.011 logP 0.89 -0.91 -0.66 -0.53 0.83 -0.83 0.67 0.70
0.025 0.003 logK -0.85 -0.38 -0.28 0.72 -0.58 0.70 0.53
0.068 0.002 0.008 logCa 0.58 0.40 -0.84 0.76 -0.57 -0.44
0.214 0.077 0.350 0.128 logMg 0.13 -0.84 0.83 -0.36 -0.50
0.446 0.176 0.493 0.321 0.754 logFe -0.09 0.40 -0.08 -0.47
0.083 0.011 0.045 0.009 0.010 0.826 logMn -0.91 0.53 0.45
0.141 0.011 0.127 0.030 0.011 0.323 0.002 logZn -0.33 -0.49
0.001 0.069 0.051 0.139 0.382 0.847 0.173 0.420 logCu 0.80
0.002 0.052 0.180 0.277 0.203 0.243 0.266 0.218 0.016 logNi
logN 0.79 0.76 -0.59 -0.32 -0.24 0.55 -0.42 0.92 0.88
0.035 logP 0.95 -0.89 -0.39 -0.50 0.73 -0.74 0.64 0.57
0.047 0.001 logK -0.86 -0.50 -0.24 0.82 -0.68 0.68 0.48
0.164 0.008 0.014 logCa 0.48 0.34 -0.81 0.72 -0.51 -0.25
0.480 0.382 0.249 0.274 logMg -0.32 -0.66 0.36 -0.24 -0.01
0.599 0.259 0.603 0.457 0.483 logFe 0.13 0.36 -0.01 -0.41
0.204 0.065 0.025 0.026 0.111 0.787 logMn -0.78 0.48 0.11
0.343 0.059 0.095 0.071 0.427 0.424 0.037 logZn -0.15 -0.13
0.004 0.124 0.091 0.244 0.613 0.985 0.277 0.741 logCu 0.79
0.008 0.179 0.272 0.588 0.987 0.358 0.823 0.783 0.033 logNi
P
P
r
r
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Figure A.  Correlation plots for log10-transformed mean foliar macronutrient (top) and 
micronutrient (bottom) concentrations for cottonwood saplings from four 
microenvironments (n = 8 sites) at the dewatered Lake Aldwell reservoir, 
November 2014. 
